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PREFACF. 


• This voliiiije—the firsi of a two-volume work on the suliject 
cf Ikiternal-comhustioii Engines—(h'nls more partiiiularly with what 
finay be deseiibed^as tin' ilow-speed type of internal-combustion 
ej^gine. Unlike the high-f^peed engine wliich, under the stimulus 
of tin; Great A\'a]’, has developed by leaps and bounds, the slow- 
spe(*d typo has uiKlergone comparatively little change, so that 
although the nii.teiial of this volume was prepared before the Wai-, 
and includes the description of specific examples of slow-speed 
.IK'S some of which ai’c no‘longer being produced, the General 
stalenimds and descriptions hold good to-day. Ko doi.bt the great 
advance which has been made in both the theoretical and mechanical 
dcT’clopment of the high-speed engine Avill influence the design of 
the slow-s])('ed type in the future, but as yet this influence has not 
become apparent to an}\a])},.'eciable extent. 

The Autho]’ hopes shoi'lly to be able to complete the second 
volume, dealing Avith high-sjK'cd eng-ines, amJ embodying as far as 
possible the results of recent research and deAmlopment. - 

In conclusion, the Authoi' Avould like to express hi^ great 
indebicdness to the late Professor Beilram Hopkinson for having, 
by his inspiring teaching, awakened and fostered in him a keen 
interest in tlu* internal-combustion engine in all its phases. His 
thanks are due also to Sir Diigahl Clerk for his persistent encourage¬ 
ment ajid sound advice; to'his friend and colleague Mr. H. A. 
Hetheringifon foi- mtich valuable assistance; to-Mr. Alan^E. L. 
ChorltOn for his ivady help-' and^'-last, Kut not h'ast, tc all those 
manufacturers Avho have so f.Vely arid liberally supp/ied him A^^itlv 
mat^i'iar for descriptions, together with drawings and photographs 
of:act‘*al engines." 


H. K. P. 
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iiJso that the temperature of the air before compression 

Were 519” F. absolute, then, after being suddenly compressed to 

one-third of its original volume, the final temperature of the air 

will b' " 

1 \ = T X . 1 

or Ti >3= 519 X 

.= 519 X 3"* 

^ Now, log 3“* = log 3 X 0 4 -= ©•477 x 0’4 >’ 

' ■ ' = c0T908 = log 1-55, 

Ti = 519 X 1-55 

= 804‘5”F. absolute 

= 804'5 — 459, or 345‘5“ F. on the ordinary 
Fahrenheit scale. 


; Conversely, if air ao an absolute temoeniture of 804‘5” F,, and 
fcn absclute ]iressure of 68'5 lb. per square inch, be suddenly 
■ Pz-'tso expanded to three times its volume, 

P T2-;ji76* ^ the final temperature will be 519” F. 

absolute, and^ the final pressure 14'7 
'lb. pel' square inch absolute. 

In tlie cylinder of an internal-com¬ 
bustion engine the compre.ssion and 
expansion of the working fluid is .so 
rapid, that the pressure-volume relation 
is much more nearly adiabatic than 
isothermal. 



p-i4-7abs 
‘T“5l9®abs 


Fig. 3 


* .A 


Indicator Diagram of Constant-volume or £?^plosioti 
Engine. —Fig. 3 repre.sents an ideal indicator diagram for a four¬ 
cycle engine*of the explosion type, that is, of the tvpe in which 
both^fuel and air are present in the cylinder during the compve.s.sion 
stroke, and in which combustion takes place while the piston is 
passiiig its inner dead centre. It might equally well apply to a 
twG-J^lfel engine of, the same type, if iJhe last ‘^O per cent of tKb 
strojie Jbe neglected, for the thermal conditions are aWost identical j 
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in both cases. Referring to fig. 3, the horizontal line h c represents 
the travel or stroke of 'che piston, and the distance a h the clearance 
or compression space into which the air is compressed, or, in other 
words, is equal to the cjistance' between the piston and the cylinder 
cover when Ijhe former is at its inner dead centre. It is assjmed in 
this case that the compression space represents 20 pcr‘cent of the 
total volume, ,i.e. that the djptance ah is one-fifth of the total 
distance ac, which is a common proportion for small engines 
using rich fuels, such as illuraMiating gas or petrol vapour. The* 
vertical line a g denotes the pressure in pounds per square inch. 

' \Jommencing with tlie piston at the point c, we will suppose that< 
the cylinder is completely filled with a perfect and homogeneous 
mixture of gas and air at atmospheric pi'cssure and temperatifre.' 
The atmospheric pressure may be taken as i4‘7 lb. per square incli 
absolute, and the temperature at 60° F. or 519" absolute. As 
the piston travels from c to h tlie gas is coin]n’essed adiabatijiaWy,, 
both pressure and temperature rising u!itil the jioint d is reached^ 
when the working Iluid has been compressed into a spac,e 20 per 
(umt of its original volume. Let V represent the total volume and 
V, the compression space or \oluine wlien the piston is at h, also 
Jet F, Pi, Pi, P:i, and T, Tj, T,, Tg represent the pressures and 
temperature;.? respectively at the points c, d, e, f. At‘the point 

o, P = 14‘7 lb. per s(juare inch absolute and T = 519” F, 
absolute. The 2 >ressure Pj at the point d is gi'’eii by the e<juation 

1*1 = P • Resolving the eqi’ ition, Pj = I4'7 


5 \ 1-4 


= 140 11). 


j)er •.s(]uare indi absolute, or 125’3 lb. })er square inch above 
atrnosphen*. ^ 

ft is next re( 2 uireil to find the tcnqieratun^ at th(i ^loint d, whieh^ 


T 

is given by the e<juatioii = 
and = 5. Thei.ifore T] 


. Now T = 519° absolute 
= 519 X 5”'b whence '\\ = 988” 


absolute <or, 529° F. Having now arriviMl at the tenqx'rature and. 
pressilre at the d at the end of the comi)ression stroke 

immediately, ’b(“fore ignition, it remains to find the temperature 
and jn-essure nit the f)ohits c and yi e being the point where com¬ 
bustion is complete,, but before the piston h;:,, started on its outwar'd 
stroke, and /'the ijoint at which the heaoed gases have exjianded to 
their driginal volcmc. At this point the exhaust valvc< or poHs 
are ojjened arnt* the jjroducts of .'combustion released. The tempi^ra- 

* 4 1 # • 
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ture, and therefore the pressure, at the point e will depend upon 
the quantity and the heating value of the gas mixed with the air, 
tht^ richer the mixture the higher the temperature and pressure, 
until point is reached when the proportion of air present in the 
cylinder is insuijicient to combine with the whole of^iie gas. In 
practice the strongest mixtures ' are not necessarily employed, 
a slight excess of air being often,form'd deMvable; with an average 
^Strong mixture of gas and air the prissure at the point e will 
rise to about 45(1 lb. per squavcdnch, the temperature in this 
case being 


Pi 


T, 

Tx’ 


4^0 ^ T, 

140 98H’ ' 

whence T.> = ^ 5] 70" F. absolute. 


Finally the air and gas^ iKiw expand adiabatically to the point f; 
the tem])eraturc 'J’s a-l: f may be found from the equation 

T, = T, - 

J 3176 
1 •904 

= . 1008" F. absolute. 


The absolute, pre.ssure e.oiTosponding to this tempervture is 47lb. 
per s(|uare inch. 

It should be carefully ol (served that the efficiimey, tempera¬ 
tures, and pressure we have so far calculated are ideal ones. Tlui 
ideal conditions under which the exchanges of mechanical work and 
heat take place should be carefully noticed. 

Influence of Compression on kfficiency. — The next 
point to l(e investigated is the thermal efhciency rlu^^ may be 
expecteil from such an engine. The term efficiency is often very 
Joos'‘ly applied, hnt throughout this book it may be tiikeji co mean 
tlic ratio between the total heat iuoounted for as useful wo'-k done 
on the piston and tho total heat snyiplied to the engine, unless 
express,|y stated othei vvi.se. ' ■ 

-■^4t ]fHS alieady be?.n sho’/n that if represei:ts tl'e total*amount 
of heat supplied to the engine at facH cycle, and H, the amount of 
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lieat discharged hy the engine after doing useful work, then the 
efficiency of the engine is giv^en by the formula 

F _ H - H, 

The heat is supplied iix this case »t constant volume 

rH =^V.r(T, - T:). 
s 

The heat is discharged also at.constant volume, and is equal-to 

H = K. (T3 T). 

The efficiency (E) is therefore 

p _ kr(T, -%)- K,.’(T, - T)' 

K.(T„-Ti) 


E 


= 1 - 

T, - 1\ 

1 _ 

017 n - !)88 

- = 1 — 0'515 approximately 

= 0’475, or, as it is generally (Ixprosse^l, 4 5 per cent. 

Since <the. heat is ])oth supphed and discharged at (lonstant 
volume, and since both the compression and expansion are adia-*^ 
batie, it follows that the efficiency is dependent solely upon the 
ratio of compres.sioii, and is independent of either the maximum 
or tli/i initial temperature of tlie gases. When once the ratio, of, 
the clearance volume to the total volume is known, the theoretical 
efficiency can be aridved at from the simple foiinula 'c 

. - a'.-y- o. K 


E 


= 1 - C) 


^-1 


This is generally known as the air standard efficumcy. 

Efficiency of Dfesel or Constant - pressure Type 
Engine.— Taking iie‘xt engines of the seciond ty{)e, in which air 
alone i.s compressed in the cylinder and tin' fuel is admitted during 
the expansion^ stroke. In this -jase fuel is injected at such a rate 
that the pressure remains^eonstanlb, due to the heating of tln‘ air, by 
the combustion of the fuel, dining the first, pait of the expansion 
stroke. At ascertain point in the stroke, the supply of,fuel is 
cut off,‘ and expansion proceeds unth\ tin* ,end of tluv,stroke. 
Tigs. 4, 5, and 6 aic‘ideal diagrams Tor such an engine, ami are 




THERMAL EFFICIENCY / 


19 


equally applicable to engines operating on either the four- or two- 
stroke cycle. For reasons which will be explained later, it is 
pof?L’t)le to use a very much higl^er compression pressure with 
engin^of this type, and, for pu^ose of comparison, the cogpression 
ratio in this case,has been taken as 42 :1. Starting witnthc piston 
at the point c, it is assumed thaf the cylinder is filled with pure 
dry air at an absolute pressure (1?) •f*14‘/ fc. per square inch and 
,at an absolute temperature (T) of^519‘^F. As the piston travels 
from’c to d the aijr will be comfJitissed, until at the point d the 
pressure will be 


p,. « ( 13 " 


= 14-7 X .32-4 

= 47fi lb. pei^sT^uare inch absolute, 


an(^.thp temper&turc Tj at the fjdint d may be found from the 


^equatiog 

• 


. Ti = T X (12)^-^ 

• 

• 4 519 X 12 '**’ 

T.-^ioia* 

= .519 X .270 


n-wva - • 

, = 1401 ° {ibsohit 



At the point d fuel is injected into 
the liighly compressed ai>d heated air, 
where it immediately ignites, and tlte 
admissk)!! is continued at such a rate that 
a constant i)rc»%sure ,is maintained (^pripg 
the outward sttoke of tlie piston, until 
the point c is reached, when the supply 


Kig. 4 


of fuel is cut ofi‘. 1'he efficiency is deptiiident in this ease upon 
fhe maxiipum temper^ttire as w^ll {is the compression ratio, {ind it 
will‘be m;c11 to take, s{iy, three examples in which the'supply .of fuel 
iftVttt gSr at '(fig. 4 ) V^n^ stroke, (fig. 5) 'irtU of the* stroke, 

anth^fig. 6 ) ^th of the strrflce, on -sth, ^th; {ind 4 th of the totah 
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volume including the clearance space. Taking first example (fig. 4), 
when the fuel is cut off at g-^nd of the stroke, which is about the 
normal condition when the engine is running on light loads. The 
volume M, e is -,-g + = |th of tlie total, and the temperature Tg 

at the pointis therefore >; 1401° F. = 2101’5° F. at)solute. 
The temperature Tg at the point^yi when the gases have expanded 
down to their (original r^olume, onay be found from the equation 

Tg 

= 21.01-5 y 2-297 
= 915° F. absolute. 


In constant-pressure engines heat is added at constant pressure 
and discharged at constant volume, so that the formula for arriving 
at the thermal efficiency is not quite so simple as in the explosion 
type of engine. 


The heat added is II 
and the heat discharged is llj 

The efficiency is therefore IC 

Now })' 


Iv(Tg - TO, 

K.{T.s - T). 

K.vTg - T) 

- 'I'O’ 


% 

so that the efficiency E = 


= 1 - 
1 

y’ 

1 - 


'W - 'I’ 


y (T. - TO 
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Taking the second example -{fig. 5), when the fuel is cut off 
at jij-th of tlie stroke. The volume at c lieftiome.s ^th of the total, 
an^ fhe temperature Tg at the point ^ is therefore 

x^l401° F. . 

=* 2802’ F. absolute. 

The temperature Tg at the point/pow iiecoraes 

T, = T/-^V-', ^ 


= 28iiii -2* 2-048 
= 1368“ F. absolute. 

TJj© efficiency in ^he second example is therefore 

• E = 1 - ’ 

K^(Tg-T,) 

• _ _ .519 

4•4(2802 - 1401) 


“ = 1 _ _ 

1-4(1401) 

• =• 1 _ ()-433 ” 

, ’ ^ = 0-567, or 56-7 per cent. 

T2-4203' 

* Taking the third exami)le (fig. 6 ), 

w^icn the fuel is cut off’ at ^Ith of 

V the stroke. The voliune ht e is 5 th 
ol^ the total, and the temperatuife 
* T*at the point <' is therefore 

X 19*01 42U3“ F. absolute. 


Fie. 6. 

The temj)eraturc T., at the, ixmit/ now^bocouies 

T, = ^I’, 4’'-' 

=?^42()3 -h 1*741 
= •241 4° F. absolute. 


^■Ty-24I4‘ 

P-i4-7 

-^T-519* 
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The eflicieiicy in this case is therefore 

E - 1 - 2414 - 519 

, T4(4203 - 1401) 

• r4(2802) 

= 1 - 0-483 

V = '0*517, or 51*7 ])er cent. 

If the same enghie with the'sa/i>* c(.)mpression I'iitio wore‘operated 
on the constant-volume or expJ(!sion cycle the chiciency would be 



= G3 per cent, 


but the maximum pressure in the latter case would be no leyJ§ than 

476 X lb. per square inch absolute, 

1401 t 

1428 lb. pe,r square inch absolute'. 

The Semi-Diesel Engine. —In addition to the Explosioji 
type and Diesel type, there is, as already .mentioned, an inter¬ 
mediate type which has recently become very popiilflr, and is 
generally known as the Semi-Diesel. In this class of engine comi 
bustion takes* place partly at constant pressure and partly at 
cWstant volume. Air only is compiessed in the cylinder, but the 
compression is not carried to such a degree as in the true constar't,- 
pr.eSa»ire engine, and conccquently it is not sutiiciently heated by 
compression alone to igni'te the fuel. In order further to heat tlifs 
air and to ensure ignition of the fuel, a portion of the combustion 
chamber, generally in the foim of a bulb, is left uncooled, and 
allowed to attain a high temperature. The fuel is sprayed into this 
bulb, and ignited partly by the heat of the air and partly by heat 
supplied to it by contact with the highly heated walls. Under 
these conditions, however, the combustion of the fuel is not suffi-. 
ciently rapid, and it has been found desirable, in order to obtain 
complete corabustion, to admi^ the fuel slightly before the end of 
the co.mpression stroke., Since the» fuel is present in the cylinder 
before the end of the compression «stroke, it.is clear that coinbustioii 
of part lit least takes place at constant volume. 

Engines of .this .type ednhot be fairl-f clas.sificd umkr either |ie 4 d, 

• for they may , be either coni^tan.t-voltilne, constant-pressure, .eft , any 
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compromise between the two, depending upon the exact period of 
the combustion of the fuel. In practice thSre is a very wide varia- 
tion*in this respect among the ditfercut types of Semi-Diesel engines, 
but, broadly speaking, they may be faken as about half-way between 
the two extreme types. It is efear^that thc'nearer th(^^ approach to 
the explosion type the higher will* be their eljiciency, but the difter- 
ence is not very great. This type^ of engipe has many points in 
its favoui-, and bids fair to become extremely popular in the near 
future. • ' ^ * 

Comparison of Diesel and Explosion Types. —Examining 
the three different conditions of running of constant-pressure engine.'^, • 
it will be observed,that the efficiency falls from. 59‘3 per cent when 
tlA' ipaxiinurn temperature is 2101'5" absolute to 51'7 per cent when 
the maximum temperature is 4203° absolute. It is improbable that 
a sufficient quantity of fuel could be burnt in the cylinder to pro¬ 
duce a higher I'emperature than'-1203“ absolute. In practice the 
maximum temperature will not greatly exceed 3500° R, which 
would give a theoretical efficiency of about .54 per cent. 

To sum up the conciusiems so far arrived at. It is evident:— 

1 . That»iu an • explosion (*ngine the efficiency is entirely depen¬ 
dent upon*the ratip of compression, and is independent of the 
tem})erat*ui'e. 

. 2. That in a constant-pressure or Diesel engine the efficiency 

is dependent mainly upon the compression ratio,'but also to a 
limited extent upon the maxinjam tcmpei'aturc. 

, ,, 3. That for ccjual compressioi'i ratios the explosion engine ks the* 
mor(' efficient t)q)e, but, for reasons that will, be ex^plained later, it 
is not possible to use such a high compression ratio with engines of 
this type. 

Prolongation of Expansion Stroke. —In both types of 
engine which have been considered so far, expansion is carried only 
to the same volume as b'dbre compression; this is the case in almost 
every engine at present built, but attempts have been mad(‘ to 
increase the expansion ratio in relation to the compression. SinCe 

there are indications that this mav be achieved in some form in the 

•/ 

near future, and indeed in the case of the Humphrey pump has 

alriyidy been achieved, it is interesting to cjjlculate what the efficiency 

'would be bath in the fiase of the constant-volume and constant-pres- 
§ * 
sure types, if expansion were continued dowm to atmospheric pressure, 

. * .Tal^hig tJie constant-volume type, first, in which ,the compression 

ratio .equals 5:1, and referring to the indicator diagram, fig. 7, let 



24 the internal-combustion engine 


it he supposed that instead of the gases being released at e, the 
expansion is continu(;d‘until their pressure has dropped to atinas- 
pherie at the point f. Tlien, if the pressures and teniperaiures 
throughout the rest of the (jyCle remain une.lianged, the exmnsion 
line will meet the atnidsphcric lineMt tlie point /’ and the tuber 
of expansions may be found from«the equation * 





= 4 l-'o expansions. 


The length of the /'xpansioii stroke must tlieirfore be in tliift ease 
or* 2*8 times the length of the eompression* strokt*. "Jhe tem¬ 
perature Ts at the point F must now be found from the equation 

» • • • 

% = T,^-^ n-5> > 

= 2-650 

= 111>7“ F. absoiut 


In this ease the heat supplied to the;,Vydle is H =4 K„(T.j — I’j), 
the heat discharged is H, = Ky, (T^ — T), aji'l the efHcienc.v is 

g _ K,.rJV-T,)-Iv(T,-T> 

■iC.('r:-T0 
1 'Is - T 
T. - T, 


= 1-1-4 


11117 - 511) 
3170 “-988 


« • , 078 

.= 1 _ ii4 _ _ 

2188 


= 1 - 0-483 

= 0 507, or 50 7 per cent. 


That is to say, if the* expansion of tli<^ gases be carried on until 
their pressure has dropped to atmospheric, the possible air standard 
eibciency will be increased from 48 ])er (jent to 50 7 per (^ent, but 
it will no longer be dependent upon tlm eoniju-ession ratio alone, 
and will vary acjcording to the maximum temperature. Tin*, length 
of stroke required to expand the gas^s down to atmospheric j>resfuire 
will also be dependent iq)on the wuiximum,pressure and tempera,* 
ture, and to obtain the best possible efficiency, it will be hecesi’.ary 
toVaryithe len^gth of the •ex'pansion st<ij 6 ke in jelatioUi to'the com¬ 
pression strokes for ever}- variation of the tenqierature and prei^ipre, 
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which is impracticable in any ordinary type of reciprocating engine. 
The diagrams, fig. 8 (see Plate facing p.' 22 ), are interesting in 
thai, they are actual diagrams taken from the author’s experi¬ 
mental engine, in which the ratio of expansion could be varied 
while the engiiie was running.' The upper diagram shows the ex¬ 
pansion carried to the same volume as before compression, the ratio 
of compression being 4'75;1, and tl^e theoretical efficiency approxi¬ 
mately 47 per cent. The lower diagram has a compression ratio of 
' 2'6 > 1 , and tlie aif standard efficie»Ncy in this particular case is also 
approximately 47 per cent., The efficiency actually measured was 
precisely the same in both cases, namely, 30 per cent. ' 

I'aking next tlu^- case of Diesel-type engines, and selecting the 
se'.jond example in which the fuel admission is continued during the 
first one-eleventh of the stroke. In order to expand the gases down 
to atmospluiric pressure, it is (dear that they will have to be ex¬ 
panded to twelce times the volume they occupied at the point e 
(fig. 9), which, in this case, is to double their original volume, and 
the temperature at the point T 3 can l)e foiiiid fnmi the following 
equation 

T = T 

L - r 

= 2802 ^ 270G 
= 1031° F. absolute. 


Since both the compression and expansion are adiabatic and 
between the same limits of ]>res»%urc, it follows that the efficiency, 
in this case, depends solely upon the degree of compression, and 
can be found from the etj nation , 

E = 1 - 


since r in this case is 12 , the efficiency is 

15 = 1 - (,4) OS, 

E = 1 - 0-37 

' I • 

= O'OO, or 03 per cent. 

* The efficiency, therefore, has been raised from 56*5 per cent, 
when expanding down,to the s;mie volume as before com])ressi(m, 
to 03 per cent when expanding down to atmospheiic pressure. 
It-is intmestiug to note that in this ease the efficiency is inde- 
pemieut of the maximum pressure or temperature, and is de))endeut 
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only upon the ratio of compression; that is to say, no matter how 
hmg the period of constant pressure he maintained, provhled that 
the length of the expansion stroke is suUicient to expand* the 
burning gases down to atmospheric pressure, the efficiency may be 
obtained front the formula , • 



To sum up, "therefore—!• '^ho air standard, efficiency of the 
explosion type, when the gases ^arc expanded It) the same volume 
• as before com})rcssion, is dependent s(>1ely upon the,ratio of com¬ 
pression. , I « 

tl. "rtie effi ciency of the Diesel type, when the gases are ex¬ 
panded to the same volume as before compression, is*depehdent 
‘ituiinly upon tlte compression ratio, but also pifitly on flie nfaximum 
temperature, the liigher the latt6i*the lowej- the efficiency. • 

3. The efficiency of the ex])losi«:»n type, when the expansion i!i 
carried to atmosjdieric pressure, is no longer dependent iifion the 
ratio of compression alone, but is also*def»endent u^on the maxi¬ 
mum temperature and increases slightly witlf injL-reasc,of tenipcra- 
ture. 

4. Tli^ efficienty of the Diesel type, when the gjMies arc ex¬ 

panded to atmosi)heric pressure, is no longer dependent up<uj the^ 
maximum temperature and pressure, but solely u])on the ratic> of 
compression. • 

The efficiency of tin* Diesel ty])e. when cxpajiding down to 
atyioiipherip pressure, is pjeciscly the same as that of tln^ explosion 
type, when expanding to the same xatlume as before compi-ession, 
provided that the <‘om}>ression ratios in both cases aie the same. 

The.se (conclusions arc all based on the following a.ssumptions:— 

1 . That the working fluid is pur(i dry air. 

2. That its specific, Jteat remains con.stant at constant volume 
*vei- the whole range of temperature em])loyed, 

3r That Tioth the (!ompres.sion and exjian.sion are adiabatic. 

4..Xhfft c-t>mbustion in the one case is instantaneous and takes 
place at constant veflume, and in the second case, thirt it ia .so 
delayed as to prodiu^e a constant^ pressure. 

5. That the gases are exj)auded to jjrecisely the sfime vojume 
a!? they, originally occupied. • 

In actual practice none of the.se a.ssumptiou.s hold good, 
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1. The working fluid is not pure dry air, but may also contain 
a proportion of other gases whose specific heats at constant volume 
an(f constant pressure do not bear the same relation as in the case 
of air. 

2. It has recently been proved by Dr. Dugald Cl^rk and others 
tliat the specific heat of the working fluid .is not constant over a 
wide range of temperature, but incy:cases ‘considerably at very high 
temperatures. This is a matter of the greatest importance, and has 
a v 0 [-y powerful influence upon efh'ci(!^ncy. The curve illustrated in 



fig. 10 sliows the total amount of energy contained in the working 
fluid at various temperatures. The curve here shown is taken from’ 
that compiled by the Gaseous Explo.sions Committee of the British 
Association after a thorough investigation of the experimental results 
by Holborn and Henning, (-ieik. Langeu, IMallard, and Le Chatelier. 
More recent research suggests that the "estimate of total internal 
energy at high temperatures is somewhat too high, .and requires 
revision, but' the values given are those gtmerally accepted by 
engineers at present. It is based on the assumption that the’analysis 
oO]ie working fluid after comHistion is— 

83 per cent. 

»5 


N and 0 
CO, ... 
ILO '... 


J 
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3. Neither the compression nor expansion is truly adiabatic 
owing to the change that takes place in the specific heat of the 
working fluid. Also, heat is lost to the cylinder walls during both 
these strokes. 

4. The combustion is not instantaneous, the propagation of 

flame throughout the whole of the working fluid takes an appre¬ 
ciable amount of time, and combustion continues during part, at 

least, of the expansion stroke. 

5. Owing to the short tflnc available for getting rich of the 

produ(^ts of combustion it is necessary, in practice, to open the 
exhaust valve or po^ts slightly before tlie end of the stroke, and 

conseqjueutly the gases are not expanded to .'■he s.aine volume as 

they occupied before compression. 

To make due allowances for all these discrepancies renders tlie 
calculation of the thermal eftieiency of an engine exce jdingly 
complicated, and necessitates an accurate knowledge of the chemical 
and physical charact(;ristics of the working fluid. 

Although, according to the air standard, the eftieiency of 
explosion engines is entirely independent of the maximum tem¬ 
perature, when allowance is niade for the incrccesing specific; heat, 
it will be found that—oilier things being equal—the lower the 
maximum temperature the greater the eftieiency; this‘is a matter 
of the greatest importance to the jiractical engineer, for the principal- 
difticultics which he has to contend with arc those due to the veiy 
high temperatures which obtain in the cylinders of internal-com¬ 
bustion engines. 



CHAPTER II 

, ^ 

PRINCIPAL SOURCES OF LOSS OF EFFICIENCY 

Cpoling Water Losses. —The possible efficiency of any type 
of engine being known, it now becomes necessary to inv^estigate 
^he Tariou^ causes which prevent this efficiency being attained in 
practice/ Besides tlic increase of specific heat at higii temperatures, 
tlji£ loss of heat,,to the walls of the combustion cliamber, cylinder, 
t and piston account for a substantial proportion of the discrepancy. 
For obvious jiractical reasons, it is essentia] to keep these parts 
(somparativelv cool, and,, eo«sec|uently a considerable proportion of 
the heat liberated during combustion and expansion passes into 
the eylindes w.ails,, from which it is taken up by the cooling water, 
and is, to .*^1 intents ami purposes, lost. In order to reduce these 
losses as far as possible it is essential that— 

*. 1. The surfae.(‘ (‘xposed to the gases during combustion should 

be as small as possible, that is t^ say, the clearance or compression 
space should be as m'arly spherical as possible. 

2. The temperature of the working fluid should be as low' as 
possible, consistent with a reasonably high mean pressure, for not 
only is the heat loss increased by the greater difference of tem¬ 
perature between the gases and the cylinder walls, but also, at very 
higli temperatures, heat is lost to the w’alls by radiation also. 

The actual proportion of heat lost to the cylinder walls, &c., 
during combustion and ex}»ansion is not easily determined, especially 
in four-cycle engim's. If the amount of heat taken up by the cool 
ing water be measured, it wull be found to give muen too high a 
figure, because heat is being imparted to the cooling wTater, not only 
dnr<pig combustion and expansion, but also during the exhaust 
strokte; this latter has, of course, no influence on the efficiency. 

Dr, Dugald Clerk has, however, devised a most ingenious method 
for^ deducing the heat lost-k 9 the cylinder walls during tl\e com- 
bifiifjm and expansion alone. It is npt proposed to describe this 
metflod here, but it may be stated broadly, that he has found the 
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true loss generally ranges between 40 and 60 per cent of that 
accounted for by the cooling water, the proportion, of covrse, 
depending upon the design, size, and speed of the engine, and many 
other factors. This proportion is very much lower than was popu¬ 
larly supposed to be the case soriie few years ago, and it is probable 


that it is not susceptible of much further reduction. 

Slow Combustion. —Another cause of loss of efficiency, and 
one which is particularly seriops in engines working on blast-furnace 
or other lean gases, is incomplete or delayed combustion. In the 
, Cfise of explosion engines, incomplete combustion is gentrally due to— 

1. Stagnation of the working fluid at the tiine when combvstion 
takes place. 

2. The presence in the combustion chamber of pockets Ol 
recesses, which J^otli obstruct the free flow of the gases at the tiiiKu 
of combustion, and, by presenting a very large cooling surface in 
relation to the bulk of the gases which they contain, chill them, and 
so prevent or delay the propagation of flame. 

3. The presence of a large propoitio.’i of inert gases, intci-- 
mixed with the working flui^, such as exhaust gases, from the 
previous cycle, which tend to separate the particles of fuel and 
air. 


In the case of constant-pressure engines using liquid fuel, 
incomplete or. delayed combustion is generally due to want of 
thorough pulverization or distribution of the particles of fuel; with 
the result that ca(.*li particle is not surrounded by a sufficient 
quantity of air for complete combustion. 

Of all these cause.s, it i.s probable that stagnation of the working 
fluid is one of the most important. It is essential for complete 
combustion that the gasc's shall be in a state of rapid motion at 
the time when combustion takes place, in order that the flame 
shall be distributed niechaiiically throughout the whole mass of the 
working fluid; for the ncrinal rate of pro])agation of flame is so slow 
that combustion will not be nearly com])]et(‘d, even by the end of 
the expansion stroke. Ex[)eriments on the com})ustion of stagnant 
ga.ses in closed vessels have .shown that the propagation of flame 
under such conditions is far too slow to be of any use in the cylinder 
of an internal-combu.stion engine. Ou the other hand, small petrol 
engines have .been made to run quite .satisfactorily and efficiently 
af .speeds of over 4000 revolutions ])er minut(*, .showing that if the 
.velocity of the ga.se.s at the.time of eornbu.stion is sufticientl/ high, 
the propagation of flame may be extraordinarily rapid. 
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The presence of a large proportion of inert gas delays the rate 
of flpme propagation only when it is intimately mixed with the 
combustible mixture. This is a question which assumes very great 
importance in two-cycle enginei^, and will be considered in detail 
when dealing with this subject. If, by stratification, the combustible 
mixture can be prevented from mixing with the large bulk of inert 
gases, then their presence is desirabife; for, let it be supposed that 
the quantity of working fluid in the cylinder is, say, 50 per cent 
of the cylinder voh\me, as it might be in the case of a four-cycle 
engine runniii^' partially throttled, and that the heating vaiue is, 
such that the maximum temperature obtained auring combustion is, 
say, 3000*’ F.; if now, instead of throttling the gases, 50 pci cent 
of inert gaucs be retained in the cylinder, but not mixed with the 
combustible gases, then, neglecting any d’ficrence in specific heat, 
the temperature pn combustion will be only 1500“ F., but the mean 
•pressure and the work done will be the same. That is to say, 
double the quantity of working fluid will l.te heated to half the 
maximum temperature, but in this latter case, owing to the lower 
temperature, the losses will be considerably reduced, and the actual 
lettiedency much greater. If, on the other hand, 50 per cent of inert 
igases be intimately mixed with an equal quantity of combustible 
|mixture, it is probalde that the resulting mixture will be so far 
liluted that combustion will not take place at all, or, if it does take 

r laee, will be so retarded as to be of little use. 

In Diesel engines, as ali-eady stated, the completeness and 
^I’aijidity of combustion is dej)eudent upon tlie degree of piilveriza- 
doii and distribution of the liquid fuel throughout the highly 
compressed air in the combustion chamber. If the fuel is not 
sufiiciently finely pulverized or distributed throughout the whole 
bulk of the air, then combustion is delayed until each particle of 
fuel can find the necessaiy quantity of oxygen. Pulverization is 
generally accomplished either by mechaniwl means or by com¬ 
pressed air; the latter is generally 2 )referred, for not only are the.. 

fuel more finely divided and distributed by corajiresscd- 
air pulverization, but also the inrush of higlily compressed aii- into 
the aylinder creates violent turbulence, and so increases the rapidity 
of th^ flame nroj)agation. For this reason engines employing cora- 
press^d-air^ulverization generally show a .somewhat higher eflieiency, 
and.are usaially caj^able of running at a liigher speed, than tKo.se in 
wh!oii*,thc pulverization and distribution is effected purely by 
mechanical means. 
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Practical Limits of Compression. —It will be noted that 
although the explosion-type engine gives, for equal compression 
ratios, a higher efficiency, this advantage is not obtained in practice. 
It is not possible with this type to^employ such a high compression 
ratio, because, if the combustible mixture be compressed beyond a 
certain point, the heat due to compression may ignite the charge 
before the enci of the stroke,‘and thus throw very severe stresses 
upon the workh:g parts of the engine. Since various gt^ses have 
difl'erent ignition temperatures,' it follows that, to obtain the best 
vesultfe the compression ratio must he'varied to suij, the particular 
fuel on v^iicli the engine is intended to run. As a general nule, it 
may be’ taken that the richer the gas the lower the ignition tem¬ 
perature, and therefore the lower the compression ratio that may he 
safely employed. There are, however, exceptions to this rule, such, 
for example, as alcohol vapour. Thus, for very ripli gases, such as 
petrol vapour, a compression ratio of from 4 to 5 : 1 is generally used; 
for illuminating gas, or, as it is commonly called, town gas, uhe ratio 
is usually from 5 to 6:1; for produccx ga^ from 6 to 7 :1; and for 
blast-furnace gas compression ratios of from 7 to 7^:1 are sometimes 
employed, depending upon the percentage of hydrogen present in the 
gas. For very high percentages of hydjogen it is necessary to use a 
low compression ratio; thus, for coke-oven gas, which frequently con¬ 
tains over 50. per cent of hydrogen, it is hardly ever safe to use a 
compression ratio much higher than 5:1, In addition to the rise of 


temperature due to compression alone, there are other causes which 
are liable to produce premature ignition of the combustible chargfej 
such for examplv3 as: 


1. The presence of a large proportion of highly heated exhaust 
gases in the cylinder at the commencement of the compression 


stroke, causing a high initial or suction temperature. 


12. The presence of uncooled parts of the engine, such as exhaust 
valves, &c., which arc hjated to a very high temperature during the 


combustion and expansion strokes, and impart their heat to the 
gasei? during compression. 


3. .The fjresence of a coating of carbon on the walls of''the com¬ 

bustion chamber and piston iiead, which is a poor conducter of 
heat, and may attain a* very high surface temperature during the 
expansion stroke, and impart much of the lieat it has aecumijlated 
tb thc,gas(^s during cornprfissiou, instead of conducting it thrqugh 
the cylinder \^alls to the wt^ter-jacket. ‘ ^ 

4. The presence of detached or partially detached portions of 
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carbon, igniter electrodes, and other parts, wpch are insulated from 
the water-jacket, and which in consequence may become incandes¬ 
cent. * 

5. In the case of certain fuels, *and more particularly light 
volatile liquid fuels, such as pafaffin or petrol, detonation occurs 
when the working fluid is compressed beyond a certain pressure. 
Such detonation is not in itself dirQctly •hj^rmful, but there is 
evidence that if detonation be allowed to persist, it gives rise 
t evcntrually to pre-ignition. ThereJ is evidence also that could 
means be found preventing detonation, a much higher ;iom- 
pression ratio eould at once be used withouj; risk of jire-igni-, 
*tion. • , . 


• # 

• •Itfcis because of these causes that in practice a very much Tower 

compression ratio must be employed than would at first sight 
appear n^cessaiy. Th^ first cau.se aj)plies in 'practice only to certain 
types of two-cycle engines, which on* light loads retain a very large 
percentage of exhaust gases, and which in consequence are con¬ 
demned to use a lowier compression ratic thafi would otherwise be 
adopted. • , 

It is ob^ous that for these and tither reasons, which will be 
dealt with later, i« of the utmost importance that the contents 


«>f tlie cylinder at the commencement of the compression stroke 
si^onld be at the lowest possible temperature. 

In the constant-pressure type of engine, since air only is com¬ 
pressed in the cylinder, there is. under normal conditions, no risk 
whatever of pre-ignition, and consequently the only limit to tJie 
ratio of compression is the practical diftifulty, of (unploying 
high pre.ssures without considerable leakage and friction losses. In 
Ihesel oil-engines a compression ratio of from 13 to 14 : 1 is now 
gemwally .employed, but in certain special cases compression ratios 
as high as 18:1 have been successfully used. 

Power and Cylinder Capacity. -Second only in importance 
to the eflicieney is the power that can be obtained from a given size 
of cylind(‘r, and this deponds upon the weight of air fcliat can be* 
[)assed tbrough the engine in a given time, and upon the efficiency 
with which it can be burnt. Whether Uk^ eujgine operates &11 the 
•two* or four-stroke cycle, whethitr it be of the constiwit-volume or 
constant-prcs.sure typo* ^he ultintate power that it can develop 
depeiTds primarily on tlu' weight of air that it can deal with poj- 
mwftiJe,^for it i.s evident th&t however’much air *is present in 
the •cylinder, sufficient fuel can always be ac^mitted to combine ' 
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with it, but that any ^urthei' addition of fuel will be useless unless 
there is sufficient oxygen pr<‘sent for its combustion. In order 
that the engine shall be capable of dealing with the maximum 
weight of air in a given time the following conditions must be 
observed: ■ *■ 

1 . The piston speed must ba as high as possible, consistent with 
a good mechanical efficiency- 

2 . The valves, together with their passages and ports, must be 

so designed as Yo offer the minimum of obstruction to the flow of J 
gases. ’ '*1,, 

3 . The incoming charge must lx*, at as low a• temperature as 
possible in order that its density may la? a^ a maximum. 

That is to say, considered as an air-pump, the volumcLric 
efficiency must be as high as })()ssil)le. The conditions enumerated 
above are also the conditions re(]uired for high efficiency, but to 
obtain the highest possil)lc meitn pressures, and therefore the high(‘.st 
}>owers, very high tein])eratures must be employed, and these are not 
compatible with high thermal efficiency, for, as already explained, 
very higli temperatures involve increa.sed heat losse.s' and an increase 
in the s[)ecit]c heat of the working fluid. 'From a purely thermo¬ 
dynamic point of view, high ])iston s])e(;ds arvi to be recommende<l, 
but then' effect upon the mechanical efficiency and the wear and 
teal- of the engine generally, will be dealt with later. As in the case 
of an air-compres.sor, the volumetric efficiency depends very greatly 
uj)on the valves; their size, jio.dtion in the cylinder, sind time of 
opening and closing are of the utmost importance, and, equally 
imp»ortant, is the design of tin* passages leading to and from them. 
These should be fi-ee from sharj) bends or sudden changes of ar(*a, 
and should if possible bi* desigm'd so that- advantage is taken of 
the inertia of tin' gases in the pi])es and pas,sages. It is not often 
necessary or desirable to use particularly largi; valves, but the pipe 
work and the contour of the jiassages immediately behind the valves 
should be so designed that the gases are led to th(i inlet valve at 
*a graduallv increasing velocitv, which reaches a maximum at the. 
opening of tht' valve itself. 15 y this means advantage may be 
taken*of the inertia of the gases in the iid(‘.t pijte to charge the 
cylinder fully, while theii- high \’»»locity on entry maintains Uiem 
in a state of N’iolent turbulence during cdhipression', thus ensur- 
ijig rapid ami comjdi*te combustion. The same remarks apply to 
the efliaust ralve, but ,<iince in this (tase the gases.are at a eoni- 
paratively high pressure \.'hen the valve is first opened;" their 
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velocity when released is exceedingly hig^, and still more ad¬ 
vantage may be taken of their inertia thoroughly to empty the 
cylinder. 

Condition 3, low temperature of the charge, can only be met 
in a four-cycle engine by reducfng ^the proportion of»residual ex¬ 
haust gases to a minimum, for th«se gases, being at a very high 
temperature, impart tluur heat to tlig incoifti«g chargp, raising its 
temperature, and in consequences reducing its density. The pro- 
l portion of residual exhaust gases cffn 'be reduced.*-!. By paying 
particular atj.entio»‘ to the e^liuust outlet, and the timing ot tlie 
exhaust valve m order to ensui’e that a perffctiy free outlet is* 
'provided, and by takipg advantiige of the inertia ©f the gases^in the 
c:^ira»st pipy. , * 

2. By^ eraj^oying some inetliod of scavenging the combustion 
chamber,*that is to say, of driving the e:?haust gases out of the 
combustion cham1)cr bv m<*ans of a* charge of air, under a light 
pressure,^ introduced bcfoie the eoramoncement of the suction 
stroke. • 

Mechanical Efficiency.- -Up to the present only the indi¬ 
cated efiiciepjy and, power have been l*onsidered, that is to .say, the 
work done on the* |fi.ston. To the practhial engineer, the actual 
brake (’ifficiehey and power is of far greater importance,* i.c. the 
cijiciency and [)Ower developed at the crankshaft and avadable for 
external work. The ratio between the indicated {)()wer and the 
bi ake or available pt)wer is known "as the mechanical etticiency, aiul 
this usually ranges in modern engines of the explo.sion type betwaini 
80 and 90 per cent, the reniainiiig 10 to 20 per»centJoeing absotbkd 
in internal friction in tin* engine and in pumping or fluid losses. 
It is for the practical. <*ngineer to reduce the.se los.ses as far as 
possil)lc. At the present time the indicated thermal t'tticiency of 
a modern int(*rnal-combu.stion engine, whether two- or four-cycle, 
explosion or Diesel tyiM', is geneially within from 10 to 20 per C('nt 
of what is theoretically jtossible. when due'allowance has been made 
for the increasing s]iecific heat at high tem])eriiture, antUit doe.s not* 
.seem that this is susceptible of much improvement, unless a new 
cycle be di.scovered, or unlc.ss some use be injiide of tliie heat lost 
^o tTie cooling water or the (‘xh.JU.st. ^ 

To obtain* the high?.st possible'mechanical ettieiency, the follow¬ 
ing cbnditions must be observed:— * • , 

*-^, i Jitk) of maximum to mean pressure mu.st»be as low as 
possfUte, 
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2. The piston and iWative speeds must be low. 

3. The weight of the reciprocating parts must be reduced to a 
minimum. 

4. The mean effect,ive pressure must be as high as possilde. 

5. The Moving parts of the engine must be, as nearly as possible,, 
in perfect static and ^iynamic ba'iance. 

Influence of Maximum and Mean Pressure Ratios.— 
Taking Condition No. 1 first: It is of the utmost importance that 
the ratio of maximum to mean pressure should be as low afe passible, 
beca”.se the working parts and the whole structure of tlie engine 
must be^. strong enough to withstand the niaximuiii pressures, not 
only those that occur under normrl running conditions, but also 
under abnormal conditions, such as premature ignition. If th(i* rhrio 
be high, then the weight, inertia, and the friction ,of tl^c moving 
parts become'" excessive.' This condition, as a))])lied to '?xplosion 
engines, is perfectly compat'dile with the thermodynamic one, 
that the maximum temperatures, and therefore pressuies, sljould 
not be high, but it is not compatible Avith tin* demand for a high 
compression ratio, for, beyond a ceitain ])oint, any increase in the 
compression ratio increases' tlie maximuih ja-cssures enormously 
with very little increase in tluf mean pre.ssmc. In practice it 
has been found that very little improvement in the actual cfhciency 
or power is obtained with inciease of comjaession be}’ond a certarn 
limit, because the maximum ]»ressures become so high, and the 
working ])arls have to be so heavy in consequence, that any advan¬ 
tage is swallowed up })y the increase of friction. Again, although, 
tKeoreticalh',.a very ma'terial increase in the efficiency would be 
obtained if the gases were exjjanded down to atmospheric pressure, 
the ratio of m.aximum to mean pressurt* ir. that case would lie so 
unfavourable that it is doubtful whether any appreciable advantage 
would be obtained in ])ractice under noiinal circumstances. 

Revolutions and Stroke.— Condition 2: The piston and 
rotative speeds must be: as low as possible, for the greater part of 
the .friction in an engine is due to the inertia of the reciprocating 
parts, which increases directly as the })iston speed and as the square 
of .the*^ rotative speed, in order, however, to reduce the heat losses 
to a minimuln, and also to obtain'^a reasonable ])ower from a giveil 
size of cylinder, it is necessary to empk)y a high piston speed. 
These two (fbnditions are (!onflicting, and a compromise must be 
sought. Since, as stated above, the fi-iction increases directly as 
the jjiston .speed, ^n^d as ‘ t.hc .square of the rotative sjjeed, It is 
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obviously desirable to increase the piston sueed without increasing 
the rotative speed; that is to say, the stroKe of the engine should 
be as^long as possible. 

Weight of Reciprocating Parts.— Condition 3: The greater 
part of the niechani(;al friction is due to the* inertia of the recipro¬ 
cating parts. During the first hal/’of the stroke work is done by 
tliti crankshaft in ac(!cleiating the piston, and ^ring the second half 
this work is returned to the crankshaft and the balifnce restored. 
This intetchangc of work between the piston and crf*rinksliaft occurs 
twice every stroke, oc in a four-cyck*fengirie eight times every cycle, 
and each tifne certain pen^mtage is absorbed in friction, it is^ 
clear t^iat for equal piston and rotative speeds !he work dhiie ujjon 
tl)Qfc piston and leturded by the* piston will dei)end ujkhi the*Av«(;ight 
of that par^, and the friction will }»e more or k‘ss’proportional. In 
some modern Engines /mnning at high speeds*, the frict^iou due to the 
inei’tia of the re(!it)rocating parts repi*eseuts about 70 pei- cent of the 
llotal mechanical friction of the engine. It is obvious, therefore, that 
to obtaid the highest ijossible mechanical ethciency the weight of the 
reciprocating ])aj’ls must ^)e leduced to a minimum. 

Mean Effective Pressure. —Condition 4: The nnvm effective 
pressure must be'asdiigh as ]>ossible. This is fairly obvious; hut 
to illustrate dt, let it he supposed tliat a eertaiii engine de\n*lops .50 
ijidicated hoise-poxtei' with a mean elfective pivssure of 50 lb. per 
.square incli, and tluit the power absorbed in internal ffiction is 
10 horse-})ower, then the l)rake or^elective horse-power will he 40, 
and the meehanieal elhcieney f or 80 p('r i*eut. If. now, the mean 
elfective pressure he iiuueased from 50 to lOO^lh. ]»er square inch, 
the engine will devel<q» 100 indicated lun'se-powei*. “anu assuming 
that the internal friction is not materially altered, the B.H.R now 
becomes 100 — 10 = IH) horse-power, and the meehanieal efficiency 
10 * 0 ? cent. 

Condition 5: This is a difficulty with swiglo-eylinder engine.s. 
The inqjortance of accurate balance and the •conditions which govern 
its attainment will })e dealt with later in tlli.•^ volume ‘ under tlK> 
heading of Balancing. If tlie working parts are not in })erfect balance, 
a i)ortiori of the power of tin' engine is dissipated in vibiatioiv 
• •Manufacturing Costs. —^Df no le.ss Impoitanee tlian ■ the 
thermtd and,ineehani(.^d^ etheiene^ is the question of cost of manu¬ 
facture. 1)0 a practical success the cost of manufaeture per horse- 
puwer inflst not be too higli,»and in nj^any eases it is advisable fo 
redi;iPe*the first cost evrn at the sacrifice of thermal efficiency. The , 
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conditions necessary fo|[ low cost of production may be summarized 
as follows:— 

1. The mean effective pressure must be as high as possible.* 

2. The maximum pressure^ must be as low as possible. 

3. The stroke must be short. ' 

4. The piston speed must be,as high as possible. 

5. TJie valve geaf^iiLUSt be of the simplest type, and the valves 
so placed thaf they can be operated by the sira2)lest form of gearing. 

6. The eng'ine .should contain no intricate parts that pannot 
easily be made with ordinary tools, or which necessitate a degree of 
.accuracy that is not obtainable in an ordinary engine.erihg workshop. 

Condition 1 is obvious, for the higher the mean pressure the gi’eater 
the po\ix*r that can be obtained from a given size of engine; thi/: .is 
also the condition required for good mechanical efficiency, but not 
for the best thermal efiidcncy, because a high iiitian jnvssure generally 
entails high temi»eratures. 

Condition 2; The lower the maximum pressure the lighter and 
cheajjer the engine; fortunately this is the condition required for 
good thermal and mechanical efiicieiiey, in the (-{’.se of exjdosion 
engines at all events.^ In constant-pressure enginec, where the 
degree of compression is not limited by the.. risK of pre-ignition, 
the higljer the comjn’ession the higher the thermal efficiency, and 
the limit of (;om}jression is generally set by the fir.st cost and 
mechanical efficiency. Ajjart fiom the fact that high pressiiri's 
necessitate a very heavy and therefore, costly engine, the risk of 
leajeage is very great, and a much higher degree* of ace-uracy is 
nec^s.sary in the manufacture, which, of course, increases the first 
cost. 


Condition 3: The first cost of an engine depends very largely 
upon the stroke. An engine with a .stroke equal to three times the 
diameter of the cylinder will cost nearly double as much as an engine 
in which the stroke is equal to one and a half times the diameter, for 
increase in stn.tke nec(j.s’.iitates a corresponding increase in almo.st 
‘every other, jiart of the engine, and the long-stroke engine will be 
nearly twice as bulky and heavy as the short-stroke. Therefore, from 
the ijoint of View of fir.st cost alom;, the stroke must lie kept as short 
as po.ssifjle. This is not compatiblcifWith high tlu'rinal or mechanical 
efficiency,'and therefore a comin'omise mqst be sought, dcji'ending 
upon whether low cost or high efficiency is most to be desired. 

* So'loriL' ah tho inaximuni controlled ty Umjwrature condiiiouR and not by tlVu use 

of an abnormally low compres'sion. . , ' ‘ 
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Condition 4 : Since, other things being j^qual, the power of an 
engine varies directly as the piston speed, it is evident that any 
increase in the piston speed of a given engine will increase the power 
without increasing the cost. Unfortunately a high piston speed 
combined with a short stroke, and therefore fi high rojiative speed, 
is the very worst* e.ondition from tlife point of view of mechanical 
efficiency; here again the conditions favouring low cost of pro¬ 
duction and mechanical efficiency are Tjonfficting, and it is necessary 
« to compropiise. * . 

Condition 5 : From a purely thtuinodynamic point of view, to 
obtain the best, possible efficiency, tlie interior of the c,ombu?!tion 
• cbamb(»r should be hemis^iherical, and there should be no^recesses 
for^he valves; in pVactice this means that the valves nfnat be 
inclined at Jin angle to one another in the comlmstion chamber; 
such an ifrran^ement is very costly, not on,ly as regards the fitting 
of the valves themselves, but als()*tjie valve gearing. It is occa- 
ftiftnally employed for engines in whicJi first cost is not a serious 
considenftion, such as aeroplane and racing, automobile engines, 
but as a generaj rule, it’nufy lie dismissed as being altogether too 
costly and ciimbersome, for ordinary. commercial use. There are 
numerous firrangeniepts of valves and \;alve gearing which are 
simple and inexpensiv*e, and which fulfil the required conditions 
sufficiently nearly for all practical purposes. 

Condition G: It is important that the engine should* be free 
from intricate parts, which are ti'oublesonie to make or reejuire 
special tools, nor should the engine retjuire a higher standai’d of 
workmanship than is obtainable in any ordinarv engineering wofk- 
shop. Every year, however, the general stamliird of* workmauslnp 
and accuracy shows a steady improvement, so that the importance 
of this condition is diminishing, especially if the engines be made 
in large quantities, and the parts can be thoroughly standardized. 



CHAPTER III 
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ANALYSIS OF A MODERN GAS ENGINE 


Investigation of Losses under Working Conditions.— 

♦Having .set down ,some of tlie. eonditions in'iiessiiry for tin* l>t‘st 

V 1 / I 

thermal and mechanic,al ciHciency,* and alse. for low cost of jjro- 
ductiou, it is interesting to tak«* a typical example ef a mbdern 
commercial engine, and examine it in detai] tn seediow i^liese c(tn- 
ditions are complied with, and, ^when lontlicting, yliat coi1i]»i-omis(‘s 
should be made. The engine,* illustrated in section in tig. 11, m,ay 
be regarded a.s a typical exam[)lc of a first-class modern gus engine 
of the ex])losion type, o])erating on. llip tbiir-stroke cycle, and 
designed with a view to obtaining a higli ethciency'witli due regard 
to manufacturing cost. Let "it be supposed tha^^ ,the ongine has the 
following leading dimensions:— , ‘ 

1. 'jlore . 1‘2 in. 

2. i^truke. . IN in. 

3. Relative speed. 24'0RT’.]\I. 

4. Piston speed . • . ... 720 I't. per minute. 

, 5. Conipre.s.Mon ratio (/'). 0:1. 

. 6. Area of piston ... ^ . IJd l s(j in. 

7. Ratio‘of swept volume to clearanee voliiim' ... .5 : 1 

8. Weight of reciprocating [)arls. 000 Ih. 

9. Weight of recii)roeating parts t)er sriuare inch 

of piston ..Wlh. 


f)-,'} Ih. 


Taking first the iiidicated efficieiiey utid poweig since the com- 
])iv.ssioii ratio (v) is (iM, it follow's th.'it the tlieoretieal indicated 
‘thermal ettyderiey according to the air standard is 

> E = 1 - /ir‘ 



anicf tl 




•= 1 - (i-4K9 

• I 

^ = O'f)] 1, or 51‘J per etmt. 


■ 
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^ This is the highest ^ , 

possible efficiency, 

assuirftug that com- >>' 

bustion is perfect and ''' ^ 

instantaneous, that • 

there is no loss’of ' 

heat to the cylinder Z ' '-'l \ ' 

walls, and that the // / r—^ ''• '> 

working fluid is pure /< /' ^Z' '\ \ 
diyaii'whosesijorific- I / ^ I V i i • i. ^ 

heat is const’ant.ovcr ^ Ef ■•-/ ' ; ; ■ I : 

thf* wkole range of \\ \ 1 W- *JZZ'- ' ■' * I 

^ ” T ‘\‘<- \ ■ \- ' \' 'X '• " ■ *' '■ 

teji^erature. In V \ \j '■§>-'■ ■' / '' 

practice, such an Xv (" \ n if - 

engine wjll prdl)a}»]y ’ / • ' 

show an indicated \y / 

Wihrmal efficiency of 

about 3 t> per cent, ^ i X J' 

1 1- ' U 4 '^' 

under the most la- ■*■";.■ J r ' 

vonrable coiiditions, 'j, -t|[| [ k; 

or 70’4 per *(!cut *of I '2; 

th(‘ air standard 

efliciency, which fs . 3^X1^ 

a result that a good ; r 

model’ll idur-cveie "ii‘ « 

engine imglit b(' ex- ‘-r ^ 

pected to obtain.' 'j,"^ ^ - 

It is interesting 
to endeavour to trace 
tlie 29‘6 percent dis- 
crc})aiicy between d 

tlu‘ actual and ideal 
effieienci(‘s. 'I’o do 

this, it is convenient , 

to construct an indi- \\ 

cator diagram (fig. 

i2),*and to find the. t J « iZ 

tempeititure.s .at tlie "ikSli *'^\€ ' 

jioints c, ct, c, and y! —ill*-. 

It , #is a* d^cult § j 

matffeNto determine 

^ AVheu working with beat illiimiiiatiii>>: ifa-n, ami usfng the weakest mixture eompatible with 
xiniplete combustion. ’ • 


:_i -V, 

c >' 
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Fig. 11 . —Sfrcfioiial Arr.mgemenl - Horiyontal Gas Engine (Crossley Bros., Ltil.) 
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the exact temperature jit the point c, that is to say, the temperature 
of the working fluid within the cylinder at the moment when the 
suction stroke is completed, and the compression stroke abhut to 
commence. It must be rentembered that, not only does the in¬ 
coming charge take ifp a small atnount of heat from the walls of 
the cylinder and the valves, bl^t it is also mixed* with the exhaust 
gases retained in the^clearance space. Professor Hopkinsoii, in his 
paper on the “ Thermal Efliciency of Gas Engines ”, read before 
the Institutioiir of Mechanical* Engineers, arrives at tlm following • 
concjunions with regard to tht? suction tempemture. He calculates 
, that the temperature of the exhaust gases retained in the cylinder is 
approximately 108b° F., or 1550° F. absolute, and their biflk at a* 

* 1; V r ^ 

temperature of 82° F. will therefore be . 


401 


1550 


X 0*2 = O'OGS of the swwpt voluinc. 


The quantity of fresh charge taken in during the suction strokfe 
was found, in the particular <*ngine he, was testing, to alnount to 
8 O 0 per cent of the swept A'olume at iiorfnal barometer and a tem¬ 
perature of 32° F. The total contents of the evlivder therefore 
consist of f)'3 per cent of exhaust gases and per Sent of fresh 
charge,^ a total of 8 G ’8 per cent of the swe])t volume,. The total 
volume of the (ylinder, including the ch'arance Or compression space, 
is 120 per cent of tlu* swept volume, and this is filled with air a*nd 
gases which, at atmospheric pr(*ssure and at a tenq»erature of 82° F\, 
or 491° absolute, occupy only 8 r )'8 p(*r cent of the swept volume; 

their temperature must therefore be 
* * . ' 

120 ... 

8«-3 " . 

= 079 ' absolute, or 220 " F. 


This result is iir very fair agreement with the direct thermo¬ 
metric measurements ^ Jtrried out by Professors Callendar, l)alby, 

• (’oker, aiid others. It is evident that the lower the compression 
ratio the greater the quantity of exhaust gases retained in the 
cylinder, afld that, therefore, the temperature of the mixed gases 
within the cylin»ler at the point c‘,will b<! higher. In this particular 
instance, if the temperftture of thti c.ontents he assumed to be 220" F., * 
the error, if, any, will not be large. It must, of cemrso' be nnder- 
stfjod* that tips applies to l^ull-load miining conditions oilly. L^,the 
engine be throttle-|joverne/l, the <juantity df (diargc drawn^intjo the 
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cyffiider on light loads will be much reduced and the temperature 
will therefore be higher. On the other hand, if the engine be 
goveriilid by missing explosions, then the charge drawn in on light 
loads, following a missfire, will be at a lower temperature, since 
it will be mixed wth air only and«no products’^of combustion. 

Taking the temperature at the ppint c as 220” F., or 679° abso¬ 
lute, it is now i^ecessary to find the 
temperature at the point d. From 
c‘ to (/• the compressioA is not truly 
adiabatic-, because during the .latter 
part of this stroke heat is given up , 
to the cylinder walls. Experience 
lias shown that with engines of about 
this size a tolerably correct result 
' will be obtaiiKid if the .value of the 


p 2 - 496 'l 5 lbs 
T2-393S(,* . 


¥ • 


P,>I65 lbs> 
T,-I270“ 



/ F^-SS-SltJS 
T 3 - 2656" 


p- 14.7 lbs 
T-679” 


rife'. 12 


index be taken as r35. In this case the temperature at the point 
d can be found from the formula 

• 

T, = T X 6>-^ ' * •. 

= 679° X 6“"'“ 

= 1270° F. absolute, 

and the pressure from the formula 

p, = r X 6^ 

= 14-7 X O' -'’-' 

= 14-7 X 11-23 

= 165 lb. per square inch absolute.^ 

1 

Tlie'rise of, temperatnre during rompressiOn amounts to 591° F., 
and the wot’k done on the gases can bt; calculated Iroin the curve 
illusla-ated in fi^. 10, which gN’^s the intfrmil energy per cubic foot* 
of th^Vorking fluid at Varying teraperat^ires, and which takes into 
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account the increase specific heat with increase of temperature. 
For the sake of simplicity, let it be supposed that the cylinder con¬ 
tains 1 cu. ft. of gases, of which approximately 92'7 per dent by 
volume is combustible mixture, and 7‘3 per cent residual exhaust 
gases. StaKting at 6/9“ absolute,'this mixture has been compressed 
to 1270“, or through a rise of tjunperature of 59F. The thermal 
capacity, calculated from the specific heat of the gases given by tlie 
internal-energy curve, may lie taken as 10'5 foot-pounds per cubic 
foot per degrdi Fahrenlieit within the i-ange of tcmpcu-a^-nre of the; 
compression stroke. Tlie total work done on tlie gas(‘s during com- 
pre.ssioii, therefore, amounts to 

' t 

10'5 X 591 foot-pounds = 6205 «foot-]wtiiiids. 


To sum Uj). Between tlie jioints r ami d the havi* been 

compressed into one-sixth of thcii' oiiginal volume, their pressure 
has been.rai.''ed from l-t'7 Ib. jier sejuarc inch ab.solute to 165 lb. p^r 
square inch, their tcnqierature from 679" ab.solute to 127Q^, and the 
work done upon them amounts to 62(K5 foot-pound.s. 

Let it be assumed that the fuel i*sed is ordinafv illuminating or 
town gas, having a calorific, value of 600 Thitish Theievul Units per 
cubic foot, and that thc'])roportion of aii- to.gSs is .as 9:1; that is to 
say, 10 per cent of th(‘ mixture is gas and 90 ]'cr cent air. To this 
niixtui;*’ there has been added 7'3 ])ei- <-cnt (.if inert ga.ses, so that 
the actual 2 ^i'Oportion of ga.-. in th(‘ cylinder is 


10 X 92'7 = 9'27 ]>er cent. 

1’he actual volume of gas, tluMcfore, amounts lo 0'0927 cu. ft. 
The li(‘ating value of the gas amounts to 

0 0927 X 600 = 55‘6 B.T.U.s, or 43272 foot -pounds. 


To this niu.st be added 6205 foot-pounds, the work of com- 

4 , * 

pression .making the total hivit available at the point B 

‘ * 43272 

• ‘ _ 62 f^ 

• 49 147 foot-pounds. 

* 

t , • 

After ignition the volume of the jn'oduc.ts of combustion is 
.sligh'oly reduced, the coittraction *l>(’ing about 3 jH*r"(ieut jvhen 
reduced to the .sarfu' tcmi^raturc and jircsJ^ure as before; t*lAtf"is to 
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say, the 1 cu. ft. will after combustion be reduced to 0’97 cu. ft, and 
its internal energy will be 


49477 X ' foot-pounds per cubic foot 


0-97 


= 51007 foot-pounds per culnc foot. 


From the curve of internal energy,of theVorking fluid (fig. 10 ) 
it will be .seen that the corresponding temperature i.s 3480° F., or 
•3939" F. absolute. The pressure at t^ve point c is 

• 3939 * * 

0'97 X ^ 165 lb. per square inch aKsolute 

^ = 496'15 lb. per square inch absolute. 


Tlius Q\g m*iximum^pressure is 496‘15 lb., per square inch abso¬ 
lute 4 in(l ttie maxiymin temperature is^3939° F. absolute. From e to 
tjie highly heated gases arc expanded, doing work on the piston. 
Tlie ex]i!t^sion curve will follow the law, pv'* = c, but, on account 
of the nature of the*working fluid, and the practical conditions, 
the value <»f y for adiabatic expansion will not be equal to 1'4. The 
true value oiThe iydex depends, of course, upon the specific heat of 
the gas, which \aries ?ie^*ording to the temperature; consequently a 
mean \alue must Itf* found, which will be approximately correct 
b(*Wween the limits of temperature during the expan.sion. Such a 
value can only be found by trial and error, and for this particular 
mixtuje if the value be taken as 1 * 22 , it will give a very close 
apj)roximation to the true ex})ansion curve. The teinpeiature T 3 at 
the end of the expansion will therefore be ^ ■ 

T , = '\\ 6^-1 

= 3939 6 “" 

= 3939 1-483 

= 265t»" F. absolute, or 2197° F. 


The pressure at tin* point will be 

1 ‘; = T’« 6^ 

= 496-15 4- 6'“ 

= 496-13 8-895 

*=* . 55 -S Ib.'per s<|uare inch absolute. 

• j 

•Keferrihu: anain to the cur\4* of inteiiual energy, it , will be seen 
that*tfte total energy of 1 cu. ft. of the Torking^fluid at a tempera- 
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ture of 2197° F. is ap()roximately 26500 foot-pounds per cubic? foot. 
Allowing for contraction, the total volume of the gases in the cylin¬ 
der after combustion is 0*97 cu. ft., therefore the internal energy of 
the working fluid at ^jie end of the expansion stroke is 

U ' '■ 

26500 X 0'97 foot [tound — 25905 fovst-pounds. 

I 

The total internril enei'gy of the working fluid at the point <’ 
was 49477 ft,-lb., so that the energy, exerted on the piston during 
the expansion stroke i.s , ^ ‘ 

49477 — 25705 = 28772 foot-poands. 

i ! 

Of •this, however, 6205 foot-pounds were absorbed in eomjii’ess- 
ing the gases before eondmstioii, so that tlui net useful wbik 
amounts to . ' , • 

28772 — 6205 =*■= 17567 foot-i)oiinds. 


Now the total enerov obtainable fi'om the heatimj; value of the 

• fT'*' fT* 

gas was 48272 foot-pounds, and the tlK*nnal eflieiency is therefore 


17567' . 

—= 40'G i)cr cent. 
48272 ^ , ' 


I 11 


This then is the ideal eflieiency which might ]»e expected from 
an engine liaving a compression ratio of 6:1, and working with a 
10-per-(‘ent mixtun' of gas and air. 

If the volume of gases in tfie cylinder at the end of the suction 
stroke, when leduced to .standard pie.ssure and teinj)ci-atui-e, was 
exactly T cir. ft., then t*lie actual usc'ful energy available would be 
17567 foot-pound.s. In the particular engine now under considera¬ 
tion, the actual volunu* of the ga.s«^s retained in the cylinder at the 
end of the suction stroke will be slightly less than one standaid 
cubic foot, for rea.s(»ns connected with the volumetric efliciem-y 
which will be <*xplaiig'^l lat(!i‘. In an engine of the.se dimensions 
the volume retained in the cylinder may be taken as 0‘97 .standard 
cubk’. foot,'and the available encigy will therefore l)e approximately 
17()5f) foot ■•pounds. 

• To obtain tlie ifiean pre.ssure on the piston, all that is mi.''(hj^l 
i.s to divide the nuinlKU- of foo{-j)Ouijds u.'iefully enij)loyed* during 
the exj)an.sion .stroke by the .stroke of the piston in h'ek:— „ 

= n3G6 Ik 

Vo 
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Expressed in ^jounds per square inch the mean effective pressure is 


11366 

1131 


== lOO'S lb. per square inch. 


The indicated horse-power can now be arrived at as’ follows:— 
The engine being ibur-cyide and single-acting, there is one power 
stroke in every four, that is, in every two revolutions. At 240 
R.P.M. there are 120 power strokes per minute, and the effective 
Inergy of each stroke is 170.50 foot-pounds, so that the indicated 
horse-power will be 

170.50 X 120 


3300G 


= 62'0 indicated horse-power. 


Heat ^Losses—Influence of Strength of Mixture.— 

To sum up these lesulrs. It is clear that" if combustion were 
instantaneous and comph'te, and if no neat were lost to the cylinder 
waifs during combustion or expansion, then Avith a 10 -per-cent 
mixture o? gas and air this engine should develop 62‘0 indicated 
horse-})ower. Its hidicated thermal efticieiiey should be 40’0 per cent, 
and its mean^ejfectiye pressure should be 100’5 lb. per square inch. 

With the engine in* question, which may be regarded as typical 
of the best ihoderiq practice, an indicated thermal efficiency of 

abotit 35 per cent or —= 86 per cent of the possible efficiency 

may be expected; that is to say, of the 17050 foot-pounds available, 
about 14700 will be converte<l into useful work, and about 2350 will 
be lost. Better results than this have beem.recorded, but ‘’•eneraby 
under rather exceidional conditions. Of tlie 2350 foot-pounds, <»r 
14 per cent, unaccounted, for it is probable that about 12 per cent 
is lo.st as heat to the cylindtu- walls, tlu‘ remaining 2 per cent is to 
b(‘ account(‘d for by incomplete combustion, ami the ])artial opening 
of the e.xliaust valve before the end of the expansion stroke. If, 
at the sfime time, the amount of heat l airicAi away by the cooling 
Avater AA^eie measured, it Avould be found to amount to fr^nn 25 ])er 
cent to 28 per cent of the total heating A'alue of the fuel, and this 
has led ensineers to ladieve that the heat loss to the cA'lmder Walls 
dfffirig combustion and expansioi* is Aery much greater than it 
really is? • * • • 

ReCent res('.arclies by Dr. Dugald Okyk, Profes.sor Hopkinson, 
and•dt^iqj’s,*ha\y proved beyond all po.s:iibiiity of doubt that the 
heat ToSfe during combustion and expansion usually does net exceed 
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about 12 por cent in the case of an engine of this size, using a 
working fluid of this density. The remaining 13 per cent to xG per 
cent is imparted to the cylinder walls during the exhaust*■ stroke; 
more particularly to the walls immediately surrounding the exhaust 
valve, and 'that part*” of the exh3,ust pipe which is included in the 
combustion head easting, and therefore water-fkcketed. At these 
points thc^velocity *oi the, exhaust gases is exceedingly high, and 
they consequently yield up their heat V(!ry much more rapidly, 
but this heaf*has already b^n accounted for and included in th^ 
exhaust losses. There is also tjie slight loss “of heat to the cylinder 
walls during the compression stroke, but the amount is so small 
that it is hardlv 'worth considering. Tests made on two-6vcle ga?!5 
engines, in which the exhaust takes place through ports a«d is 
generally cooled from a separate source of supply, show that the 
lo.ss of heat to the cjlinder walls is generally from J 4 per cent to 
IG per cent, which is in tolerable agreement \Vith Dr. Clerk and 
Professor Ilopkinson's conclusions. * ‘ 

The actual results th.at wraild be obtained, from this engine are as 
follows:— , 

Indicated horse-power ... ... * O’iji- • *■ 

„ thoriiial efficiency ... , *35 j»er cent. 

• „ mean pressure ... ... iStJ 4 lb. per square inch. 

« 

If, instead of a lO-per-ceut mixture, a IB-per-ctuit mixture were 
employed, the ideal efficiency would fail from 40 G per cent to about 
36‘5 per cent, and tbe actual efficiency would fall to about 30 per 
{•ent. T^be droji in tlie, ideal efficiency is due to the gi'eater specific, 
heat of tlie g{i.scs at the higher tom[»eratine, and the still greater 
dro]) in^the actual efficiency to the larger pro[>ortion of heat lost 
to the cylinder walls, due also to lh(' higher temjieiatui-e of the 
gases. In this cas(*, witliout going thnaigh all tlie necc.ssary steps 
of the calculation, * the lieat supply will l»e 54500 foot-pounds, 
j)lus 6032 fool-pounft.^ for compression, making the total energy 
of the g^scs G0532 foot-pounds, or G7500 fooc-]K)unds per cubic 
foot, allowing for contraction after combustion. From the curve 
of iftternal energy,^ the correspfmding temperature will be 4650" F. 
absolute, a*)d the maximum pivssure will be 604 lb. per filiume 
inch absolute. The lem})eratute at the, Aid of expansion* will be 
3390" F. Jiiisolute, and tjK* energy lost to exhaust wMl be* 34600 
foot-pounds. Of this, 19900 foot-jlbunds will be usjj‘iul]y ernjiioyed, 
thus giving a theoretical ^efficiency of 36'5 per c(‘nt. In titis ease, 
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however, the higher temperatures ruling in the cylinder during the 
expansion stroke will increase the Ijeat loss to the cylinder walls, 
and it is probable that the actual efficiency will not be more than 
85 per cent of the ideal efficiency. 

The actual results that njay bh expected vvith a 13-f)er-ceiJt gas- 
and-air mixture arc:— 


Ituliciitetl horse power •• • ...* • 61T) • 

„ thermal efficiency ... 31 per cent. 

„ mean effective pressure ... 99 .")•* 


If a much Mcher mixture tlfan T3 per cent be employed* ft is 



Fig. 13.— Volumetric Efficieiii’y taken aa 73 per cent iii all^aaes w^jeii exjuesseil in terms • 
of stiindaid pressure and tem}>erature • • * * 

proiiablc tlint there vvill^ not be sufficn'iit oxygen pre.sent for com- 
[ilete combustion, and tlie efficiency will fall away rapidly with any 
further inert'ase in the jiroportion of gas. 

These tiguies serve to emphasize the fact that, although the air 
standard efficiency is the same for all mi.^fire strengths, the true 
ideal efficiency depends very greatly upon the proporyon of gas • 
present, and falls away rapidly when rich mixtures involving‘very 
high tcimperatures are employed. They also prove that*the htghest 
iflH1t:ated efficituicy will he ob4dned with tlie weakest po.ssiblc 
mixtures and* the lowest; maximum tem])erS,tures. Unfortunately, 
however, if much weaker than 9 per c.ent, the mixturij may fail to 
igrjite, aiffi eopibustion wilPefther not, take place at^all, or •be so 
seri^iiVIy delayed as to be im'omplete* even *at the end of the 


<1 
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expansion stroke. The curves illustrated in fig. 13 give (a)*the 
air standard efficiency for this ongine, whiclj, since it takes no 
account of the changes in the specific heat of the working fluid, 
remains constant throughout the full range of mixture strength; 
(h) the ideaJ etficieiKi^' as calculated al) 0 ^'(‘ from the curve of internal 
energy, taking account of changes in specific hear; this latter is ap¬ 
proximately a straig|itiline, and meets the air standard efficiency line 
at the point of no-heat supply, that is when the working fluid is 
pure air; (c)‘’<the actual indicuted thermal efficiency cs obtained 
from a modern high-class engine of this size; and {d) the actual 
mean efl’ective pressure. 

Altiiough the actual and ideal thermal (‘fficiency cuives rise 
steadily as the strength of mixture is reduta'd, the range of mixture 
strength over Avhich it is possible to obtain rapid and complete com¬ 
bustion is very limited, and is indicated apjn-oximately for town 
gas by the full lines drawn on the actual efficiency curve. Krom 
these it will be noted that the highest ideal efficiency obtiiin- 
able with this engine is about 41 '5 ])(*r cent. The percentages of 
mixture strength along the horizontal lim^ of the curve are given 
in term.s of RT.U.s ]U‘r cubic foot. 'Die eflicit'ncy cu/ves are calcu¬ 
lated for average town .gas, but they will ])e found to be approxi- 
mati'ly correct for fuels (»f any heating \alue within certain limits. 
If it W(‘r(‘ possible ly some means t<.) burn weaker mixture,s, 
it is clear that a higher efficiency would be obtained. Su])pose, 
for the .sake of illustration, the,cylinder to l»c filled with pure air, 
or inert ga.st-s, and that a {)aper bag containing a 10-per-cent 
mixture, of gas and air wert* insert(‘<l. Then, if at the einl of the 
compre.ssion stroke the mixtui'c were ignited, and the bag l)UJst, 
liberating the liurning ga.s(‘s in an excess of ]>ure air, or even jno- 
ducts of combu.stion, the ideal efficiency would be veuy much higher. 
If the contents of the pajxrr bag amounted to ‘JO ])er cent of the 
cylinder volume, then the mixtui-e after combu.stion, and the burst¬ 
ing of the bag, would b(? x = 2 jier cent gas and 08 [»cr 

<*ent‘ air. Under these, conditions the ideal efficiency would be 
nearly 49 per cent, and siina* the maximum temperature would only 
be' 1740° F. .ab.solute, or 1280° F., the lo.ss of heat to the cyJuid.r 
walls wohld lx; exceedingly .small, and an actual thermal efficiency 
of between ,45 per cent and 40 per cent might be obtained. It 
"must* be noted, however, tjiat under these circumstances the mean 
effective iiressure would ©nly be about 19 lb. per square iheh. 
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and'the indicator card obtained would be somewhat as shown in 
fig. 1%.^ 

A somewhat similar result might be achieved by means of strati¬ 
fication; that is to say, by so charging the cylinder that, while the 
main body of the combustion sp%,ce contains* only inert gases, a 
small proportion of readily combustilrle mixture is retained in the 
neighbourhood of the igniter. Recent experiejice has gone far to 
show that stratification, within certain fimits, is possible if the com- 
Jmstion ,spa(!e be correctly designed,* and the autlieft.' confidently 
believes that higher efficiencies^will Jje obtained in the near fjitjire 
by the employraeitt of this principle. The indicator diagram, fig. 15 



, actual diagram obtained fioin tint 
iKuuiJv/Lii fiigiiif. when worl^ing junder these ve^j 

conditions. * 

All the ])receding re.sults have been cahailated on the assumption 
that the teni])erature of the charge at the commencement of the 
compression stroke is 220" F., and that its absolute pressure is 
14'7 11). per stjnai’e inch; that is to .say. that the cylinder is com¬ 
pletely filled with a mixture of frt'.sh charge*;ind products of com¬ 
bustion at the end of the suction stroke. If a .smaller cj^arge weiv 
taken in, then, to obtain tin' .same mean pressure and indicated 
hor.se-powe)-, a richer mixtuie and higher tem])eratures would diave 
tc*HhHR employed, with conseijuent l^.ss of efficiency. It is. therefore‘of 
the utufost impoj-tance thjjt the volmnetric efft<'ieney of the'cylinder 
shall be as*high as possible. It is also-equally im])ortuut that the^ 
incQwihig ^har^ shall bo at a 'low temperature, for t^ie lowef the 
temjfeftiture the greater *the density and* weight ’of charge that can 
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he taken in. Also, if the temperature at c be lower, the whole range 
of temperatures throughout the cycle will be correspondingly reduced, 
or, alternatively, a higher compression may be safely employed without 
risk of pre-ignition or increase in the temperatures. In four-cycle 
engines usifig a mixture of gas and air the temperature cannot well 
be lower than that of the suri-ounding atmosphere, which is generally 
taken as 60" F. But wlicn netrol is used as fuel, the rapid evapor¬ 
ation of the finely atomized i)articles of fuel both in the carburettor 
and in the ex'Iinder has the effect of lowering the initial temperature 
and, so iucrejising the weight of charge that can be introduced. 
Consequently a higher mean pressure can be obtained without any 
increase of temperature, and this, in part, accounts for the'remark¬ 
ably high mean pressures and efhcic'ncies which are obtained-from 
modern petrol engines. With two-cycle engines, wl.en th(“ working 
fluid is forced into the cylinder by means of a pump, and therefore 
at a somewhat high temp(‘idture, very beneticiaJ results have been 
obtained by the introduction of an inter-cooler between the pump 
and po\\ er cylinders. 

From all the above considerations it is evident that the thermal 
efficiency of a modern four-cycle explosion-engiiu' is pot susceptible 
of any great improvement, at all events when running under full 
load. •- The heat loss to the cylinder walls, amounting as it does 
when running on nearly full load, and under favourable conditions 
as to mixture strength, to only about 12 per cent of the total heat 
of the fuel, is nob susceptible- of any great reduction. This loss 
must depend upon the difl'erenc(* of tem])e]ature between the gases 
i*?id the cylinder walls, ".ml under no conditions can the temperature 
of the latter be inc,r(*ase,d beyond a com para tiveh’ low figure without 
imp(‘rilling the efficient lubric.ation of the piston. It is probable 
that the greater part of this beat loss is imparted to the walls of 
the combustion chamber, whith arc c.xposed to the gases at the time 
of maximum piessure, and it is evid(UJt that in order to reduce this 
loss to a minimum thp j-atio of suiface to volume should be k(*pt as 
small as possible. This is particularly inijjortant in small engines, 
in which the ratio of surface to volume is nec-essarily great. The 
difference in exposed suifac(' to volume, howevci-, between the most 
(ifficient and the most conveniei.t form of com})Ustion charnnei** is 
not very great, and sinc.e the loss of heat-even to this part does nob 
represent a' large percentage, the design of the combustion chamber 
is generally-*dictated by other considerations, which will bf!'dealt 
w’ith later. " 
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obtain further increases in the thermal efficiency of this 
engin^meaiis must be found for: 

1. Iiicreasing the weight of air that can be taken into the 
cylinder per cycle, either by cooling, scavenging out the residual 
gases, or supercharging the cylindA', or, of coufse, any oombination 
of these three methods. 

2. By making the utmost use of stratificaliqn, which^ combined 

with superchai'ging, would enable high mean pressures to be obtained 
J/ith low, maximum temperatures and pressures. •* 

3. By utilizing th(? heat rejected to the exhaust either fo? the 
generation of steam, or by the use of some form of regenerator apj)lied 
tb the working fluid itsejf. 

4. By increasing the. speed of rotation, so that the time during 
whicli the liighLv heated o-aH?es are in contact with tlie w'alls of the 
cylinder pej stroke is redbend. Tht? reduction of heat loss, however, 
w’ill not in this eaSe be anything lilfe'proportioruil to tlie increase 
of*speed, l)ecause with higher speeds there is greater turbulence in 
the working fluid, andjn consequence it will iirrjmrt its heat to the 
cylinder walls at a greaU*]’ rate, lliere are, however, other reasons 
in favour of aif increase of piston and rotative speeds. The length 
of stroke also has a* (•ertain b(‘aring upon the thermal efficiency, 
because a longer stroke gcnerall}^ pi'rmits of higher piston .speeds, 
and, a more compact clearance or combustion space. To illustrate 
the latter point, suppo.se that, a.s is .sometimes the ca.se, the* head 
of the cylinder is a flat ]»lato. I’hfn if the compression ratio be 
6 : 1, as in this case, and the stroke equal to the diameter, the 
working fluid is compressed into a space of \j’hich.the le ngth is onl^ 
one-fifth of the diameter, and the ratio of .surface fo volume ex¬ 


tremely unfavourable, (bi the other hand, if the .stroke were equal 
to live times the diameter, then the length and diameter of the 
clearance .'^pace would be equal, and the most faN'ourabh'. ratio ol 
.surface to ^'o]ume would be obtained. Such*a length of stn^kc 
would bo quite impracticable for mechanical*fc'asons, but the illus¬ 
tration serves to show the advantages of employing as loqp; a .stroke 
as is consistent with practical requirements. 

Influence of Nature of Fuel on Power Output land 
Eijfltiency.— It has already been#einpha,sized tliat the .mean efle'e- 
tivo pressure diepends primarily up«n the weight of air that can be 
taken'into the cylinder per cycle; since-^other things Ijcing equal, 
the-iflJimaCe po,wer output of* ah engine .depends upoy, the weight 
of o/y^en that can be burnt in a given#tiine. The mean pres.sure 
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depelids also upon the efficiency with which the fuel can be burnt, 
upon the heat of combustion, and is influenced by any ch4!nge in 
the volume of the working fluid before and after combustion. In 
the case of some fuels, such as petrol and alcohol, the volume* after 
combustion*'is sonic 5 to 6 per* cent greater than before, whereas 
v.rith ordinary illuminating gas it is some 3 per cent less. It is 
obvious tl\at the ehahge i,n, s})ccific volume has a considerable and 
direct influence on the mean effective pressure and efficiency. 

The calorific value of th’t? fuel affects the power output of ar 
engine only in so far that when fuels of low calorific value are used, 
a considerably greatc'r volume of fuel must be taken into the 
cylinder, and a^ similar volume of air is tlierefore displaced by it. 

' The heat of (tonibustion, ibat is to say tin; total amount of heat 
liberated when all tlie carbon in the fin*! has been converted into 
CCb, and all tlu' hydrogen to HJ), has but‘little connection with the 

** I t ' 

calorific value, and in fact''the heat of combustion of all hydro- 
Cfirbon fuels is sul)stantially the same; it only varies appreciably 
when the fuel contains nitrogen or other iiurt diluents in addition 
to hydrogen and carbon. , 

On the other hand, the' presence of diluents in the gas tends to 
raise its self-ignition temperature and pressMie, and so permits of 
the uce of a higher compression ratio, thus increasing the efficiency, 
and therefore, so far as tin* mean pressure is concerned, compensatiTig 
to some extent fur the reduced v»’cight of air. Also, there is some 
evidence to indicate that the j-resence of diluents tends to increase 
the range of burning, and so peimits of the use of w(‘akcr mixtures, 
i'»id a max.imuni t(*m[)eratur(‘. with the result that a still 

higlu'r efficiency can be obtained, though, in this case, at the expense 
of power output. 

The following table gives, column 1, the a]ipi-oximate heat of 
combustion in terms of B.T.I .s })er cultic foot of working fluid (that 
is air and gas in the pioportion required for complete combustion) 
of a numbei- of fuels'; other things being equal, this might be 
interprett:^! as the relative power outi)ut available with each fuel. 
Column 2 gives the approximate comju’ession ratio permissible 
with each fuel, column 3 the efficicnc.y corresponding to this com¬ 
pression ratio, and column 4 thci mean efl'ective pressure based*’On 
the following assunqitions: '■ 

1. That the volumetric; efficiency, expressed in terms of standard 
pres.surc and temperature, is 7.0 per cent in every case. , " • 

2. That there is no change in specific volume. 
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That the efficiency with which the fuel is burnt is, in all .cases, 
64 p^cent of the air cycle efficiency for a mixture strength giving 
maximum power. 

In column 5 is shown the mean effective pressures obtainable in 
practicAJ after making approximate*allowances ill each caec for— 

1. The change^n specific volume.* 

2. In the case of both petrol and'benzol the^ volumetric efficiency 
will be somewhat higher, because the fuel is seldom completely 
levaponvted* before entering the cylinder, and somctilf the heat of 
the residual exhaust products is absorbed in overcominfi: the latent 
of evaporation of-tlic fuel, with the result that the suction teinpera- 
'ture is lower, and the weight rd charge greater. 

; 3. Owing to the wide variation in the lieats of combustion •and 


th(;i-efore of the flame temperature, the (‘fficiency witli wdiieh the 
fucl^is bujnt will vaiy fo some extent; it will clearly be higher, for 


example, in th(i case of a blast-furnact* gas. vvliich consists mainly of 
inert diluents, than in the case of petrol or benzol, which contains no 
diluents at all. • 



The above results, particularly those, in column f), must be 
regarded as apju’oximations only, for vei-y little a(;eui'ate data is as 
yet available. They are, however, probaldy accurate to*withi« ± 5 
per cent. 



CHAPTER IV 


MECHANICAL EFFICIENCY 

« 

• 

,Td all tlietse calculations only the indicated liorsc-power lias been 
consideied. The conditions governing the mechanical^ ettieiency h6,ve 
already been outlined^ but will now be investigated in more detail 
in relation to this jiarticulai- engine. As has boon explained, these 
cannot always be reconciled with those reijuired for maximum indi¬ 
cated etiicieney, so .that a coinpromise must lu', efrected'.' It lias 
already been shown that in a modern four-eyele eggine the relative 
etticieiicy, that is, the ratio l^etween the actual and idcial <-fficiencies, 
is about 8() ])er cent to 88 pei- cent, and the, urecliahical (‘fhciency 
is about the same; in other words, the avoidable los,s(*s, both thermal 
and mechanical, are just about eijuah and their recovery is therefore 
equally inqiortaut. This is a point that must be borne in mind 
when deciding upon a compromise between thermal and meihanical 
requirements. Taking the typical migine in (piestion, which will 
probably have a mechanical efhcicncy under full-load running con- 
dhion*, 'of*o7 'per Vent,'then, as lia,s already lieen shown, with a 
mixture strength of 10 jier emit, the indicated horse-power will be 
53‘5 and the brake horsi'-power 

X 53-5 = 40-5 B.H.P. 

100 
< I 

Also, the indicated thermal efficiency is 35 pei cent, and the 
brake or net thermal efficiency will be 

8 

---- X 35 per cent = 30'5 per cent. 

100 ^ ^ 

I 

I ( 

The mechanic,al losse.s, .therefore, amount to 53‘5 — 4rr'5, or 
t horte-povver, and, under yormal cdnuitioiis, will be^ accounted .for 
as follows:— 
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Pumping ... ... ... ... ... 1'9 horse-power. 

Piston friction ... ... ... ... 3() „ 

•Other friction (V)earings, valv'es, &c.) ... I S „ 

Total . 7^ 

• • 

From this it wi]l be seen that piston friction forms* by far tlie 
largest item and amounts to more than half of .the total loss. A 
proportion of this loss is, in the authon’si opinion, prevcntible, and 
later in this volume the question of piston friction is^discussed at 
(tome length. But, before proceeding*.further, it may be well to 
point out tha| there is good raason-to believe that piston frictvm 
is mainly dependent upon, and due to, the inertia of the ro'^a])ro- 
cating masses, though th#i e is, of cour.se, a certain amt>unt of constant 
friction due to the piston rings. During the first half of each stroke 
the crankshaft i^doing w'ork in accelerating tlie piston, and dui-ing 
the second riialf this woi^ is returiiq^l to the crank, less a certain 
pej|cj;ntage lo.st in friction, which is more or less [uoportional to 
the inerti{^ pre.ssurcs. In this ])articular ease, if the W'eight of the 
recij)rocating parts be ’taken <is 5 lb. per .square inch of piston 
area, then the m§.ximum pres.s«re due to their inertia is approxi¬ 
mately givcii f)}' formula 

^ F *=• 0-GOO 17 If 

where w = weight of reciprocating parts pei‘ square inch of 
piston area, 

n = revolutions per min^ite, 
s = stroke in feet. 

In this ease, the value of F will 

F = 0-00017 X 5-3 X 240 x 240 x I’o 
= 77-8 111 . ]ier .square inch. 

I’lie nii'au ]»re.ssure per stroke, neglecting for the time being the 
angularity of the coiinecting-j-od. which has no particular infiueiice 
on the jioint in qiu'stion, will be 

~ ^ inch. 


» 


^lis is the mean prt'.ssure, in te*ins of pounds per .square inch of 
])i.ston ai'ea, duo to the ineriiu of the»ieciprocat*ng nlas.ses, and since 
it occurs thA)ughout e^■erv .stroke it mu.st^be niulti])lied .by four in 
ordej;4o make it comparable to'tlie u.seful mean fiuid in tjie eyliiiller, 
which*Blounts in this ea.se to 8(5-4 lb. po*- .square* inch. The total 
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pressures therefore acting upon the piston and tending to pr^uce 
2 )iston friction are:— / 

Useful fluid pressure . 8()-4 lb. per square inch. 

Pressure due to inertia (38-9 X 4) ... 155 G „ „ 

Fluid pressure (luting idle strokes (exhaust, 

suction,and compression) ... ... 5LrO „ „ 

•To^nl . 2930^ 

• * • • 

From the above it will be .seen that of tlu; total j)ressures 
acting on tluf 2 )i.ston the mean jjo.sitive fluid j)ressure* amounts t^» 
onJySO per cent, and therefore .a wi<^e. variation in the fluid 2 )ressure 
will Jjave only a (^onuiaratively small influence on the j)iKton friction. 
The, 2 )ioi)ortiontof the total pre.ssure on th^ piston that is'absorbe'd 
in'frietion will depend largely upon the temperature of the cylinder 
walls, which controls the viscosity of the lubricjiint, the area of 
piston in contact with the walls, and the efficiency of the,lubrication. 
\\ itli normal teini)eraturcs ahd normal lubricatidn it has been found 
to amount to aljout 2 2 )er cent, which is ecjuivalent in this case' to a 
mean [u-essure. wlidn referred to the power stroke, only, o( 5 9 lb. per 
square inch of piston area, or 3’C Ijorsc-power. The friction of the 
piston rings and tliat due t() the fluid pressures durinL^the idle strokes 
may be regarded as con.stant, and ecjual to tqjiu’oxiinately 1 lb. per 
squaie inch; this is practically unafl'ected by any chdnge in the load 
or speed. ^ 

In siqjport of the above di.stribntion of the mechanical and fluid 
losses the author will quote the> following published tests, which have 
been carried out with a view to determining this mo.st imijortant 
ipfunt. . JTnfortunately^ in no case is the weight of the reci 2 )roc.ating 
jjarts recorded. 

1. Profe.s.sor Ilojjkinson, in his tests oij a .single-cylinder (ho.s.sley 
engine of 11'5 in. bore and 21 stroke, found that under normal con¬ 
ditions as to jacket tem})erature and lubrication the ]o.s.ses were as 
follows when the engine was indicating 41 its mo.st ecionomical 

load, and running at f 80 JbP.M. = 030 ft. per minute piston .speed:— 


I0.S.S 

Pijton friction 
Other frictiem 
Total 


1’4 h(jr.se-]wwcr = 3'4 per cent of l.H.P. 

2o „ = (i 1 „ „ 

IT .. = 27 


0 


«• 


= 12-2 




The mechanical eflicienc.y tiierefore Amounted to S7‘8 j)er cent, 

^ (Tho fluid and inertia jire'.Riires ju-tin^ upon fiie'jiiston are not, of courw-, lUway.^ cupiulative; 
their actual relaflon will p; cxjilaiin.-d later, lint for the purprai.-a of the jirr.seiit aririiiiient iHt’y may 
lie regarded u-s laiing cumulative witltiut affecting the concIuaionH to any nuiteiiul degrtk 
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and>^e piston friction accounted for just one-half of the total fluid 
and ruction losses. A further and more detailed survey of this 
important question is given in another Chapter. 

2. Mr. Herbert Chase, in his tests of a six-cylinder Pierce Arrow 
petrol engine in the laboratory of •the Automot)ile Club* of America, 
obtained the follou^im results. 

The engine had six cylinders, each 4f, in. We and 5^ in. stroke, 
and, judging from the size and lift of its valves and the design 
Jof the fngine generally, the' normal* j)iston speed -df this engine 
should be about 1I0(*» ft. per ^minute, corresponding to a rotative 
speed of 12(5o R.1\M. At this speed the following results were 
Attained:— 

*■ » ^ 

; Indicated power ... ... ... 7S'o hprse-power. 

Brake hor.se-power ... ... ... (J4'0 „ 

M^clianical efHcieftcy ... ... 87'1 per cent. 

* • 9 , 

.Very careful tests were made to ascertain the mechanical and 
fluid losses, and tliese, with normal jacket temperatuie and lubrica¬ 
tion, amounted to: ‘ , 

Fluid loss ' ... :V4 honjt'-power = 4G i)er cent of I.H.P. 

I’istop ^i'iction 4'7 „ *= ()'4 

j \ I 1 p • * * ^ 


t)tlicr friction ’ ' 1'4 

Total ... y'o 


= 1;9 

= 129 


'Here again the pi.ston friction amounts to almost exactly half 
the total losses. In this ease both the pi.ston and rotative speeds 
are mindi liighei* than in Profes.sor’Hopkinson’s te.sts, but the size 
of the valves and weight of the reciprocating parts are proportioned 
for the higher speeds. ' * , . •<’ 

Mr. ].. (1. .M( u’.se, in his te.sts on an old })a1tern of Daimler 
engine in the laboratorres of (Tunbridge University, obtained the 
following results. 

'Fhis engine had foui- evlinders, each of S oC! in. bo]-e and 5'11 in. 
stroke, and was intended for a normal .speedyf 1000 R.P.M., equal 
to a ])i,ston s])eed of 850 ft. })er minute. • Tests, however, were 
cairied out at .spet'ds of 720, 1000, and 1220 R.f‘..M., and Uie follow¬ 
ing results were obtained. / 

^riie lo.sses in relation to the indicated hor.se-power at the three 
diflereu.t sijeeds were found to be as follows :-r- 

R.p.M.. * 720 1000 1220 

Fluid loss ... 2'y per^cent 8'8 cent G'S per cent. 

•/Total frict,ion ... ry7 „ * 9 2 # „ 1T4 ^ „ * 

80 ‘ 


• « 


Total 


9;2 

KTO 


18-2 
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The mechanical efficiency amounted therefore to 9T4 per ccW at 
720 R.P.M., 87 per cent at 1000 R.P.M., 81’8 per cent a/ 1220 
R.P.M. Unfortunately, no attempt was made to separate the 
piston friction from the other friction losses; but if it be assumed 
that the other sources of friction^ bear the same proportion to the 
total as in the Pierce Arrow'engine, namely, 1^ per cent in each 
case, then the pistoi: friction^ amounts to 3 8 per cent, 7’3 per cent, 
and 9’5 per cent respectively. The high fluid losses at 1220 R.P.IVI. 
are to be accoi^nted for bv the fact that the valves of this enjiine 
wer^ not large enough for .so high a speed. 

Losses other than Piston Friction.— Returning now to 


our original engine, the pumping losses, which ai-c not nieiely' 
mechanical, and will in future be i-eferred to as fluid losses, amount 


to T9 horse-power, or rathei* less than 4 p(>i- cent of the total 


indicated power. 


This is the loss incurred i'n expelling the products 


of combustion and drawing in the fresh charge. From botli the 


mechanical and thermal points of view it is dcsirabli* that tills 
loss .should be reduced to a minimum. Its .reduction can only be. 
brought about bv the provision of large valve.s, and careful design 
of the pipework generally, in ordc? to a\’oid siuhhoi changc.'^ of 
velocity, and take advantage, where po.ssihlc; of the inertia forces 
of tlui. ga.ses in the exhau.st and inlet pijies. 

The third item, namely, bearing friction and the jiower r<‘rpiired 
to operate the valves, amounts to alauit 3 per cent of the total 
indicated hoi-se-iiower, and is pj-obalily not su.sceptible of any great 
reduction. The jjrovision of an ainph* sujiply of lubricant, forced 
t|irough the hearings urjder pre.ssure, will effect a slight reduction 
in the lo.ss from this source, and the adoption in high-,'.]iced (uigines 
of ball bearings for the crankshaft si'ems to h(‘ a ,ste]) in the right 
direction. Such bearings are perfectly reliable, but the jnincijial 
objection to their u.s«' is that they are apt to be somewhat nois\' 
under intermittent loads. Hearing friction, howevig-, is the smallest 
item of the. three, and'ijoirscquently it is not worth while devoting 
much time or ingenuity ovci- it. It is of iar greater imp(jrtancc 
to ensure that the bearings have ample surface and are not over¬ 
loaded. 


From the above conditions it, is evhlent that very little iiRinw.- 
tion can lie made in tln^ fluid aad bearing friction lo.sscs, and that 
attention .should be c.oncmitratcd upon the. piston friction. 

Influence of Weight of Reciprocating Parts. —Before 
dealing with the question,^ of piston friction and pi.stoii design in 
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detaV it will be well to investigate the eflfect of varying either the 
load ^the speed of the engine, upon the mechanical efficiency. It 
may, however, be broadly stated here that the piston friction de¬ 
pends upon the weight of the reciprocating parts, and that if the 
speed be varied, it increases approximately as the square of the 
speed of rotation. 

Supposing, firstly, that by some means, sueh as air-5«3avenging, 
supercharging, &c., the mean efi’ective pressure could be increased 
Jay (say) 4W per cent without any increase in the mfiximum tem¬ 
perature, then the piston and^ bearing friction losses will not,, be 
appreciably affected, for it may be accepted that the mean effective 
j^ressure is only a small item among the conditions producing piston 
friction. Then if the ffuid losses remain unchanged, the total losses 
will, in this case, amount to 7‘4 horse-power. The indicated horse¬ 
power wil) become 75,* and the brake horse-power 67‘6. The 

mechanical efficiency has now risen to 

« • 

_ fi7'6 , 

* — = 90 per cent. 

‘ 75 ^ 

t 

If the indicatc*vl thermal efficiency be the same in both cases, then 
the net efficiency becomes 

90 

— X 35 per cent = 3 r5 per cent. 

100 ^ ^ 

1’liat is to say, although the thermal conditions in the cylinder 
liave remained unaltered, the increase in the mean juessure has had 
the effect of increasing the net efficiency ,from.30'5 per cent tj^ 
31-5 per cent, an increa.se of about 3‘5 per cent in'the efficiency 
and of 45 per cent in the power. It is hardly conceivable, how¬ 
ever, that the weight of charge could be increased by 40 per cent 
without increasing the ffuid losses very appreciably, but even so 
there will probably lx* a gain in both the thei’mal and mechanical 
efficiency, in addition to the very large and rftluable increase in the 
brake hor.se-})ower. o 

Secondly, supposing that the mean effective pressure^-reinained 
the same, and that the speed of rotation were inereased, then 
boSJr the ffuid and piston friction will increa.se more, or less iis 
the S(juare of the speed, jind the Ovmse«|uent* Ig.^scn as the cube of 
the speed. 'The bearing friction, however, will vary directly as the 
«pe(j(>. • , " * " 

E&ect of fnereased Revolutions. —If the rotational speed 
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be raised from 240 R.P.M. to 360 R.P.M., that is in thcoratio 
I'O : 1'5, tlien the losses will be approximately as follows:- - 


Fluid. 

Piston friction 
BeaHng friction 


Total 


1'9 X 1‘5® = 6‘4 horse-power. 

3 G X 1-53 = 12-2 
1-5 X 1-5 = 2-25 


The increase in indicated liorse-power, other things l)eing equal, 
will be directly proportional to the speed, and will in this case be 

53*5 X 1-5 = CO-2 I.II.P. 


The brake liorse power now l)ee.omes 

80-2 - 20-85 = 59-35, 

% 

and the mechanical elHeiencv 

mf f 

59-35 . 

„ = / 4 i)er cent. 

80-2 ' 


With a 50-])cr-cent increase of sjx'ed, tlie loss ,vf lieat to the 
cylinder walls will l)e reduced, but l»y no means in jn-oportion, 
liecau.se the higher .speed will involv(‘ greater turbulence in the gases 
111 the cylinder, and therefore the ab.solute rate of lieat How will l)e 
greater. If the loss of heat to the eyliiuhn- walls be T2 })ei- eent 
at normal speed, with an increase of speed of 50 j»er eent, this loss 
will probalily drop to aliout 10 per cent, and the iinlieated tlierinal 
Qliicieney will be raised to nearly 36 jier (“(Mit. In support of this 
the authdl- would refer to Mr. ]\Iors(‘’s tests on the theiinal and 
mechanical efficiency of a jietrol engine. Mr. Moi-se found that 
the indicated thermal efficienev, witli a civen streiiiitli of mixture, 
increa.sed from 25 jjcr cent at a piston spewed of 720 ft. j)er minute 
to 27*7 per cent at. 1080 ft. per minute. This engine, being very 
small, had a much gftviter ratio of surface to volume in the com¬ 
bustion chamlier, and, consequently, the pro])ortionate heat lo.ss 
duriij^vombu.stion and explosion was far greater; lint in the tyiiical 
gas fingine under di.scnssion, the author eonsiders that the increase 
in- indicated thermal efficiency, witli an ineri'ase of .50 per cck,*;. in 
the jnston .speed quoted above,, is not an over-estimate. The net 
thermal efficiency now beqomes 

“ 74 „ - 
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Tl^re will also be a further loss due to vibration, for since this 
is a siiAle-cjlinder engine, and therefore unbalanced, the disturbing 
forces tending to set up vibration will be increased as the square of 
the speed, and will probably become excessive. 

A glance at the above figures is‘'sufiicient to show that it would 
be iinprac.ticable to Increase the speed of this engine as it stands to 
360 Ii.P.M. The increase in brake horse-po^'o:' would ,be dearly 
paid for by a much reduced net efficiency and excessive vibration, 
'^pie brak/3 bojse-power would, however, be slightly* liigher than 
59*3, because the reduction in the heat loss will produce a corve- 
sponding increase •■in the mean effective pressure^. Against this, 
hdwever, must be offset the faett that the valves are too small to 
deal .with the extra A olunie of woi-king fluid, and there will theffe- 
fore be (ionsideiable throttling, wliich will reduce the mean effe(“tive 
[u-essure to 9 degree that "will probablj much more than counteract 
the thermal gain. 

^ipposing now that the engine were redesigned with a Aiew 
to running at 360 lv.l-.]\l., then, to obtain the same meclianical 
efficiency, the weight of tht' re(;ij)rocating parts would have to be 
reduced in the “ratio of 1 to 1’5‘; that Is, to 44 per cent of their 
original weight, or 2'‘36 lb. per scjuai-e inch of ])iston. I’he valves 
and pipework \\ ill have to be enlarged, and so designed that, /*ven 
at 3^0 1MM\1., the velocity of the gases when passing through the 
valve ports is not greater than 130 ft. per s(‘cond. yinci* the A elocity 
(»f the piston at 3()0 II.P.M. is 1080 ft. per minute, or 18 ft. per 
second, it follows that the ratio between the area of the valves 
and that of the piston must be as 18 : 130. 1'he efi’ective area, 
of o])ening of a jioppet valve is et[ual to the area of the valve port 
when the lift is e(jual to one-i|uarti‘r of the diameter of the p(»rt. 
'FIk* ratio, therefore, between the diameter of the valve ports and that 
of the ])iston would ha%e to be as 

x/l8;Vl30 = 4'23 




Since the diameter of the piston is 12 in., the d iaineterof^the 
A'alves must be not less than 


4-23 
11'4 


X 12 


4-5. 


In practice it will be preferable to use (i;ay) o-in.-diaiireter valves 
and Me^pce flie lift to 1 in. * « 

Va1[^<?s of this size are perfectly practicable, and there will not 
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Le the smallest difficulty in obtaining an equally good volj^inetrio 
efficiency at the higher speed, wliile the fluid loss will be^/:io more 
than proportional to the speed. Under the revised conditions the 
horse-power absorbed in overcoming the frictional and fluid losses 
will be as follows:— '■ 

I 

Fluid losT ... .. 19 X 1‘5 = 285 horse-power. 

«Piston frittion .,. 8 () x 15 = 5'4 „ 

Bearing friction ... ]‘5 x 1'5 = 2'25 „ 

Total ..; ... Tb-5b . 

Since the volumetric efficiency will bo at least as high as before, 
and since the niean pressuiv will be increased by about 3 per cent 
du<; to the reduction in the lieat lo.^s, the indicated horse-power will 
now be 

53-5 X 1-3 X = 83 , 

100 

and the indicated thermal efficiency 30 per cent. 

The brake horse-power now becomes 

83 - l()-5 = 72-5. 

I" ' 

The mechanical efficiency i.s 

= 87-4 per cent, 

I o o 


and the brake thermal efficieir-y 

30 per cent x 87'4 ]>cr cent = 31 o })er cent. 

By I'cducing the weight of the reciprocating ]jarts from .5 3 lb. 
to 2’30 lb., the inertia forces, and consc(|ucnt.ly the load on the 
bearings, will be c.xacth' the same as with the heavier recipro(‘ating 
masses at the lower s])ecd. 

From the above calculations it will be seen that if the nece.s.sary 
reduction could be made, in the wvight of the reciprocating parts, 
the brake horse-pow’er could be increased from 4G’5 tc) 72'.5, and the 
net tlbe/mal efficiency from 30-5 per cent to 31'5 per cent, without 
any increase in thp vibration or in the load on the bearings. Apart 
from the gain in tliermal cfficitncy, tlie value of the engine ^11 be 
increased in proportion to the brake horse-pfiwer, iii this cas(* in the 
proportion of T50 to 1. The necessary enlargement of the valves 
and pipework will not introduce any serious mechanical difficulties, 
or liave an appreciable effect upon the cost, so that there is a 
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consin^erable sum of money available to cover the extra cost of 
lightei^reciprocating parts. 

It must, however, be borne in mind that the total amount of 
heat that passes into the cylinder walls and piston has been 
increased nearly in the ratio of ; 10 x I'5,•or 25 per cent; for 
the rate of heat Mss to the cylindet walls depends very largely 
u[)on the velocity of the gases in the cylki^^r, and this again 
dejiends upon the rotative speed. In lai'ger engines this would be 
seriou^ objection, but in art engine, of 12-in. bor%«oi‘ less, very 
little trouble need be Tinticipated on tins score. 

As a pracfical«examplc of v\hat can be accomplished by scientific 
,'?tudy, and the reduction of the reciprocating wtn^hts, the ai'Sthor 
would refer his readers to the tests recently (;arricd out b^ the 
(lerman War Office authorities on a four-cylinder'Benz aeroplane 
engine, ancj pulrlished in L913. This enginef runs normally at a 
])i.ston speed of nd less than 1520 ft. per minute, and a rotative 
sp%cd of 1288 Ft.r.M. The net thermal efficiency is 29^ per cent. 
Since tlie fuel used js petrol, which has a* comparatively low 
ignition teinperatiire, the compression ratio could not well be higher 
tli.-in 5 to 1, «o that the air standard •efficiency for this engine is 
on y 47 5 per c(Mit. **lf the relative efficiency be taken as 70 per cent, 
which is consitlerably abo^'e the highest figure that the author has 
ev(*r seen obtaiiuid by any normal engine of this kind, then the 
indicated thermal efficiency is 33 2 per cent, and since tlm net 
efficiency is 29 per cent, it follow^ that the mechanical efficieiicy 
must be over 87 4 per cent. 

More remai'kable still, this high thermal efficiency is obtained 
with an indicated mean pressure of over 120 lb. per sijuare inch, 
showiiig that at these, very high speeds tlie heat loss to the cylinder 
walls must be very small, and that an excellent volumetric efficiem'y 
call lie obtained. 

Effect of Longer Stroke. —lleturning «gain to the original 
design, suppose that, instead of incri'asing .rtie rotative speed, this 
were still ke[)t at 2-10 IMMM., but that the piston speed were again 
raised to 1080 ft. jier minute, by a 50-per-c.ent incre^':-iiT the 
stroke. Then, since the volume of working Iluid to bd^’dealt *vith 
]>e; minute has been increased, it^will be necessary to ^increase the 
size, of the vaLves and passages as htd'ore, anfl the* fluid losses may 

* 

' A iHiml)^ of tests were enrrii'il out tfiii#liis ciiifiTic (iflriiii; 1911 both hv tile Aduiiriiltj’ uiul 
tlie Wai^ Office. Thcije tests, wliicy arc all in fair inirceiitent, {ave the net tl^rnial efficiency as 
jicr the compression nitio being about 4*9:1. 


VOL. I. 


5 



66 


THE INTERNAL-COMBUSTION ENGINE 


again be taken as 2*85 liorse-power. The bearing friction wi\’^ also 
increase directly as the piston speed, because, although thcj rotary 
speed of the bearings has not been alteied, it will be necessary to 
increase thcii’ diameter nearly in proportion to the stroke, and the 
actual rubbing velocities will tleiefore be approximately propor¬ 
tional to the piston speed. For this reason the bearing faction may 
again be taken as liorse- 2 )ower. Taking next the piston friction, 
it is clear that the inertia oi the reeiju’oeatiug parts varies directly 
as the piston sj)eed, if the rotative speed be kept constant. Con¬ 
sequently, if the original heavy reciprocating ]iarts be retained, the 
piston friction will be increased in the same jn’oportioif as the juston 
speed, namely, by 50 per cent, and will amount to 5‘4 horsc-juiweiv 
» The total losses in this case will be ’ 


Fluid loss ... 
Piston friction 


Bearings 


Total 


2 S.") horsc-puwt'r. 
5-4 
_ 2 - 2,5 
10.50 


The increase in jhston s])eed will" as pri'vionsly explained, be 
accompanied by a slight increase in flic indicated thermal efficiency, 
and therefore in the indicated horse power, also the hmiller latio of 
surface to volume in the combustion sjjace will Indp in this direc¬ 
tion. Under these circumstances an indicated thermal efficiency 
of 8C i>er cent may be exiiected, and the mean piessurc will be, 
increased by about 3 iM*r (;cnt, owing to tlui reduced heat loss. 

The indicated horse-j)ower will therefore be 

■ • 53-5 X l o X —= 83 l.H.R 

100 

The losses, as already shown, will amount to 10 5 horse-power, 
no that the brake horse-power will lie 

83 - 10-5 = 72-5. 


The mechanical efliciencjv will be 

83 


72-5 


= 87‘4 per c(;nt. 


The l)jake or net thermal effi'-ieucy will be 31 '5 ])er cent. 

From the above figures ft will Ijc seen that if, instead of reducing 
the ivcight of the recii)rocating prfits and incieasing tie rotitive 
speed, the stroke be increased by .50 per cent, with the same .’.voight 
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of reciprocating parts and the same rotative speed, the same results 
will hvy obtained, but in this case a 50-per-ccnt increase in the 
stroke will involve a nearly similar increase in the w'eight, bulk, and 
cost of the engine. Still better results will, of course, be obtainable 
if the reciprocating weights be redftced, but it must be remembered 
that the loiiger-stroke engine requires *a proportionately longer, and 
therefore more than proportionately heavier, cftmiec-ting-ryd. 

From a practical commercial point o? view it will be preferable 

incre{j,sc 'the. rotative speedT rather ‘than the stroW, and it will 
))e found profitable to*go to a considerable amount of trouble ^nd 
expense over \hc ci'duction of the reciprocating weights. There is, 
However, a strong prejudice amongst engineers agaiyst an}' increase 
ill the rotative speeds, on the grounds that such increase mfist 
be a(tcoin])anied*by a loss of mechanical efficiency, excessive wear, 
and vibration, i^ut this,'as has been shown, can lie met by a reduc¬ 
tion in the reciprocating weights. Tfie prejudice, nevertheless, still 
reiiiains, and will not easily be dissipated. 

Value of Light Jiecii)rocating Parts.- -For real progress 
in this direction ©ne must turn to the modern petrol engine, and 
especially to fchose engines built for i-ticing motor-cars. Of late 
years all motor-car races have been run undei- restricted conditions 
either as to piston ai'ca or swept volume. From aliout 19ft5 till 
191,0 practically all motor-car engines were handicapped a(‘cordiug 
to tlie area of their pistons, and there was a mistaken impression 
prevalent at that time that it was tlie piston and not the rotative 
speed that was limited; i.e. that a short-stroke engine would run at a 
proportionately higher maximum speed. jMai:yjfacturers of racing car.si 
however, soon discovered how (M'roneous this view was* and produced 
engines of small bore and, excessive length of .stroke, which by their 
higher piston speeds soon swept all before them. After a few years 
of racing under these conditions it became evident that a type of 
engine was being developed which, owing to tts excessive stroke- 
bore ratio, and therefore its high cost and increased vibration, was 
of little commercial value. At the present time nearly*idl in^otor 
I'aces are handicapped according to the swept volum(*>r of the 
cylinders, and undo)' thes(i conditions a far ipore rational i^'i)e 


of engine is being }>roduced. Siyce no restrictions whatever are 
placed on fuel •consumptiqn, the designers of*racinfg petrol engines 
have eonceiftratcd all their energies upoir jinproving the.mechanical 
and. vqlumbtric etlieiencies of their desigiis, the thernyil efficifney 
being’ fionsidereil only in so far as it affects the mean pressures. 
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Nevertheless, it is surprising what remarkably high thermajt- effi¬ 
ciencies are occasionally obtained from these engines, wlvde the 
lessons learnt regarding volumetric and mechanical efficiencies are 
of inestimable value. 

As an illustration of the resiilts obtained from a modern racing 
petrol engine, the following iigures, obtained by Professor Riedler 
from a IQO-horse-proVv^er Benz racing car engine, are taken from 
his book, The Scientijic Determination of the Ments of Auto¬ 
mobiles. ' • - ' - , 

.T.lie leading dimensions of this engine were as follows:— 

^Number of cylinders ... ... ... ... 4.'* 

Boro . .. ... ... ... 115 nun., or 40 in. 

^Stroke ... ... ... ... ... ... 175 inm., or 64) in. 

Rotative speed ... ... ... ... ... 2000 R.P.M. 

Piston speed .... ... ... ... .... 2.100 ft. per minute. 

Compression ratio ('/’) ... , ... . . ... 4 75 :1. 

Area of piston ... ... ... ... ... 15'9 s(j. in. 

Total volume of each cylinder ... ... 139 cu. in. 

Volume .swept by piston ... ... ... 109‘7 cu. in. 

Clearance volume ... ... !.. ... 29'3 cu. in. 

Ratio of swept volume tg total volftmc ... 3 75 : 

Weight of reciprocating parts ... ... * 5‘75 lb. ■ 

Weight of reciprocating parts per s(juare incli 
• of piston area ... ... ... ... 0'3t) Ih. 

Area of exhau.st-valve opening ... ... 3 sij. in. 

Area of inlet-valve opening ... ... ... 44 sq. in. 

Ratio piston area to inlet area ... ... 362 : 1. 

The brake horse-power of this engine was found to be 

■ 5b B.H.P. at 1000 R.P.M.. 

103-5 B.H.P. at 2000 ll.P.M. 

I’lie indicated horse-pow*ei- was 

00-5 I.H.P. at 1000 li.^^M., 

H9 l.Il.P. at 2000 R.P.M. 

• . 

This c^orresponds to a mechanical efficiency of 

.91 ](er cent at 1000 R.P.M., 
and, 87 per cent at 2000 R.P.M., 

w’hicli is certainly a most remarkable result. 

Tlie indicated mean pressures were 

• , 109-5 lb. per.square incli at 1000 R.P.M., ' 

107-5 „ 2000 ’ 
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mean velocity through the inlet valves was 


3-62 V 1150 
60“ 


ft. per second = 69‘4 ft. per second at 1000 R.P.M., 


and 138’8 ft. per secpnd at 2000»R.P.M. 


m m 

The exhauvSt valves, however, wei'e considejably smaller, and, 
reckoned on the same basis, the mean ^^ocity tSirough them was 




15-9 1150 

' _ • _ 

60 


ft. per second 


10 r5 fj,. per second af'lOOO R. P.M., 


• aii^ 203 ft. per Second at 2000 II.P.M, 


The latter figure • is distinctly high, but In this eiigjne 
tlie^ connecting-rods were exceptionally short, with the result that 
tliere was a cotnparati\;cly long “ dwell ” at. or near the bottom 
centre. • , • 

^.I'lie weight of the reciprocating parts is remarkably lo.w. This 
result wi» secured by the sacrifice of weaiing^ surface and by the 
use of very short connecting-rods, which would not be permissible 
in the case of^a stationary engine required to run for long periods 
without un4ue wefWi It is worthy of note that Professor Riedler 
comments on .the fact that when run continuously at full load, and 
at a speed of 2000 R.P.M., the piston crown overheated, ancf gave 
risi' to pre-ignition, thus indicating that weight eutting had in this 
instance been carried too far. 

(‘alculating the mechanical eftlcienc}' by the method to be 
e.x])lained lati'r, th(‘ fluid or pumping lossc'S when running at 
2000 U.P.M. will be equivalent to a nicAii pi'essi;ie of approxf- 
inately 3'5 lb. per square inch on the ])iston. 

Tlie friction of the bearings and other parts will l)e exceedingly 
low, and will prol)al)ly be equal to a mean piessure of not more 
tlian 2 lb. ])er square inch, for the power of the engine is enormous 
w hen comj)ared with tin' weight of the rotatii^g parts. 

The piston friction may be found as before. The useful fluid 
prc'ssure amounts to 107'5 lb. ]»er square inch. Tln‘ m8an,i’+ertia 
])rpssure amounts to 

I’ = 0 00017 X 0-36 ^ 2000 x 20*00 x 'l* x O'fi 

12 

= 70’5 lb. per square inch, 


or f 0 ‘.5 X *4 
stroke*'onl^'. 


282 lb. per square inch when referred#to the power 
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The total pressure, therefore, acting on the piston amounts ^;o 
282 + 107'5 = 389'5 lb. per square inch. 

'File constant friction due to the piston rings and the fluid 
pressure during the idle strokes may be taken as equal to 1’5 lb. 
per square inch, and the friction due to the inertia and useful fluid 
pressure as-2 per cerit bf tlie total pressure, or 

3H9'5 X 0'02 = 7’79 lb. per square inch. 


The total piston friction therefore amounts to 9'0 lb. per square 
inch.* 

, T'le total losses diu' to pumping, bearing, and piston friction 
will therefore amount to 


Fluid loss 
Piston friction 
Bearings and other friction 
Total losses 


3‘.5 lb. pel- .square, inch. 

9-3 

20 

14 8 . 


The indicated mean pressure at 2.000 It.P.M. was found to be 
107‘r) lb. per square inch. 1 . 

llemte the brake mean piessure will Ik* 

I 

f 

107 a — 14'8 = 92'7 lb. per .square inch, 


corre.sponding to a, mechanical efliciency of 


92-7 

F)7\') 


8G'2 per cent. 


which agr(ses very closely with tin* figuriis obtained by 1)]-. Kitidler. 

The volumetric and tluTmal cttioicncies ari; not given, but it 
is clear from the high nuian pr(“ssuros obtained that these must 
both be very high. 'In an Adler racing engine of somewhat similar 
proportions, but with Wither smaller proportionate valve areas, which 
gave similar results, tlie volumetric efliciency was found to be about 
73 pe?''tient at a .speed of 2000 K.P.M., and 80 per cent at 1000 
U.P.M. Ine drop in mean elfective pressure, however, between 
these two limits of speed was noj nearly in propoi tion to the drop 
in the voluinetric eflfciency, sliowing that the proportion of heat 
lost to the^ cylindei- walls, during the expansion stroke was con¬ 
siderably le.ss at the highyr speed. * This should result ro a higher 
thermal efficiency at the Ijigher speed, as was indeed the ciywr. 
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'i^ie indicated thermal efficiency was found to be 

at 1000 R.P.M., 26 per cent, 
at 2000 R.P.M., 30‘5 per cent. 

• • 

The ditference ^ seems too great ^to he accounted for by the 
reduction of heat loss alone, and it is probaljje that the engine 
rec-eived either a slightly weaker or i}|crhaps*more hctnogeneous 
^iiixturc at the higher speed. , ^ 

• The •air standard ^etihiiency for this particular dngine is 46'7 
per cent, an(} the relative efficiencies are therefore 

at 1000 R.P.iM., 557 ])er cent, * 
at 20T)0 R.l’.M., 65'5 per cent. 


It is evident from the above figures that «n increase of piston 
s])eed may* be relied upon to prodwee a marked increase in the 
tlifj*mal efficiency, provided, of course, that the valve area is suf- 
ficiimt, ai*l the reciprocating parts sufficiently light to ensure that 
llie whole advantage gained is not neutralized by excessive piston 
friction. ^ • 

Tln‘ abm'e’fignre.ki serve to illustrate the fact that the designers 
of liig]i-s})eed petrol engines in 1011 were a,ble to produce engines 
which, at th(‘ extivinely high rotative speed of 2000 R.P.M., and at 
a piston speed of no less than 2300 ft. })er minute, could .show 
almost as high a. volumetric, and a higher mechanical efficiency than 
the dc'signers of horizontal gas engines generally obtained with a 
rotative s])eed of 240 R.P.M. and a piston speed of only 720 ft. per 
minute. The coni{)arison, however, is not i]uite a fair (.ne, bccau.s^ 
in the case of the petrol engine the bearing surfoees of the piston 
were not sufficient for long continuous running. But. even when due 
allowance has been made for this, the petrol engine is still vastly 
snp('rior from the point of view of mechanical efficiency. Still 
furthei- progress has beim made* during the lasj. few years with high- 


sjieed petrol engines, and tin* maximum pow'cr of the latest racing 
engines is generally developed at about 3000 R.F.M., wTiicly with 
a stroke of G in., as is now usual, gives a piston speed .c-j 3000 ft. 
per minute. 



CHAPTER V 

* r 

CONBilTIONS UNDER -REDUCED LOADS • 

. * ‘ 

Systems of Governing.— Up to tlie i)res 0 !it (jjily thu iiidi- 
ofited tliennal efficiency on full IojkI has been considered, but all 
eirgiues are required to run at times on a reduced loiui, and in a i^reat 
many instances the engine is required to run normally on a light 
load, the full load l)eing called for only oif rare occasions. In such 
cases it is equally, or ])erha})^'more ini]K ';tant. tjuit a high thermal 
efiiciency shall be obtained on the lighter loads. With eiigine!s^ of 
the constant-pressure or Diesel type the load, is regulated‘sinijdv by 
the duration of the supply of find per stroke, and, rs has heeii shown 
previously, the indicated tlnumal ('liiidency is considerably greater 
with light loads when tin' find is cut oh' verd'early in the stroke, 
and the ina.ximum temperature is low, UnfortiinaUdv, however, it 
would appear that similar ('onditions cannot be obtained in, an 
explosion engine. The methods which have been employed up 
to the present for controlling the output, i.e. for ‘‘governing” 
internal-combustion engim's, are:— 

i . ' 1. ‘Hit and miss. 

f 

ii. (^)uantitative governin,_,. 

3. Uualitative oovernine. 

V n r' 

The first method used to be a, very j) 0 ])ular one, and has much 
to recommend it for small engines. In this method si'parate valves 
are employed for tlu^'ndmission of gas and air. The air valve is 
opened a.t| eveiy suction stroke in the usual manmu', but tin* gas 
valve Is finder the control of the governor, and is opened only 
wh(?n the%ad on ^ the engine reijuires it. The quantity of gas 
taken in per stroke, and therefoj'e the strength of the mixture, is 
the same as when ruitning on full toad, but under thi'.se conditions 
tlie indicated thm’jual efficiency and the mean etfective pressure are 
sligiftly higher, for the following re«asdns:— i , 

1. Becau.se, following mi,^.sfij'e, the cylinder at' the comtifencis 
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iiieiit •;»£ the suction stroke contains pure air at a low temperature, 
instead »of exhaust gases at a high temperature. Consequently, at 
the end of the suction stroke, on account of the lowei* temperature, 
which in this case will be about 130” F., the weight of mixture 
taken in will be greater. * 

2. Since the wefglit of air present m the clearance space is, on 

ac(iouut of its lower temperature, much^ greatefr •tlian the.weight of 
cxlisiust gases that would l>e present under normal running con¬ 
ditions, ijt- follow-s that the final mixture in the cylinder is slightly 
weakei- in pro})ortion, and the cffichuicy slightly higher. . , 

3. Since tl*e initial temperature is lower by 90°^F., the tempera- 
tfire throughout the cycle will be correspondingly redjjced, involving 
.slightly less heat loss to the; cylinder walls. The mean pressure wtll 
depend mainly ♦y)on the volumetric ethciency of the engine, and 
this, in tun*, will dej»en(f uj»on the suction tem[)erature. Thus, if 
the suction tenij)eratHr<* be reduced by 90” F., the volumetric 
efficiency will incien.se in the pro]»ortion of 


459_-f-_220 
409 + iTiT) 


* 1 * 1 ^3 

= '■■j"”’ increa.se of 15 per cent. 


'J'he increase, in mean pressui-e. will also be nearly 15 per cent, so 
that when runliing with a 10-])er-cent mixture of gas and aiv the 
act mil mean ])ressuj c will be 8()' l lb. per .Mpiare inch on full load, 
and about 100 lb. jkm- .scjuare inch after a missfire; actually it will 



'Ihe jirincipal advantages in favoiii" of the hit-and-miss sy.stem 
of governing arc: 1. That the indicated tlv'rmal efficiency of tht^ 
firing .stroke is .slightlv greater on light loads than‘on full load. 

2. The .system allows of exceedingly close and accurate governing, 
and at the .same lime jmts practically no load upon the governor. 

3. 'fhe variations in the load ai’c effected without changing the 
strength of the mixture, .so that, when once adjiT.sted, it remains the 
saim* for all loads, which is an important prat*t^cal consideration. 

The princi])al disadvantage, and one which jmts tl<*‘ .sy.stem 
altogether out of court for lai-ger engines, is that on light loads the 
turning moment is altogether too iriegular, necessitating a fly-wlTeel 
of such dimensions as to be quite impracticable; for suihII engines, 
in cases where ^ood cycluyd regnlartty is of Ifttle huportani'C, it is, 
in the aiithdr’s opinion, the most eonvenieyt .sy stem. . 

The second .sy.stem, namely, quantitatwe govevnin(j,]ms. the f-eiy 
marked* advantage in that it provides an#impul,se in every cycle at 



74 


THE INTERNAL-COMBUSTION ENGINE 


nil loads, and the cyclical regularity is excellent, a matter /f con¬ 
siderable importaneo when the engine is used for such pui|^oses as 
direct electric lighting. In this system, in order to reduce the 
})ower, the supply of both gas and air is cut down either by means 
of a throttle valve actuated by the governor, or by reducing the lift 
of the main inlet valve, which, in this case, supplies both gas and air. 
The eflecl;. of reduu'ifg the weight of charge taken into the cylinder 
is, of course, to reduce the mean effective pressure proportionati'ly; 
but since tlte (quantity of exhaust products retained‘in .the conl- 
bustion space is neaily the same at all loads, it follows that the 
projiortiou of exhaust i)roducts to fresh raixtui'C increases as the 
load is dimiuisjied. '^Ihis is objectionable for three I’easons: fii’stly, 
bt^cause it increases the tenjj>eratnr(‘ of tlje mixed gas(‘s ii^» tlie 
cylinder at the commencement of the compression ^stroke*; secondly, 
because the proportion of exhaust prodnAs in the tiiu^ mixture is 
so great, and the mixture so'diluted th.j,t it is* necessary to use a 
richer mixture in order to obtain sufiie-umtly rapid combustfon; 
thirdly, the reduction in mean j)ressure is ejected by reducing the 
weight and not the temperature of the chai-ge. All these conditions 
tend to reduce the thermal'efficiency. It is not worffii Avhile investi¬ 
gating this question in great detail, because,'in practice, the real 
(iontjolling factor is the partially incomplete. c.ombuf?tion caused by 
the dilution with exhaust prodncis, and this, which probably has the 
greatest influence of all upon the efficiency, is an uncer tain quantity. 

In order as far as possible Ao obviate such dilution, attempts are 
made, to se])arate the fresh charge from the exhaust products by 
^means of stratification,, and it is a c-ommon prac.tice to arrange the 
inlet valve so’ that, instead of opening into the cylinder, it opens 
into a pocket in wiiich the igniter is fitted, as sliown in the engine 
illustrated. In this way, the fresh charge entering through the 
inlet valve first enters the pocket and remains at. this end of the 
cylinder, while the'exhaust products are more or Jess concentrated 
over the })iston. Thltf a.rraiig(mient involves very little increase in 
the surfiu^;e of the condmstion chamber, while the (*xtra effituency 
on lightjoads, (^)btained from the more ccitain and c,om])lete com- 
buution, irmre than compensates for the extra heat losses <lue to the 
increase of.exposed surface; at 4 II events if the engine is i-equircd 
to run bn light'loadi? for a large ])ro])orf;ion of tin*,•time. 

Quantitative governing is invariably employed fefl* four-cycle 
p(^trt)l engines used for ;such purposes as jnopelliiig niotor<- ears, 
boats, &c., where a very '\i’ide range of speed and power is reljuired, 
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and wl^cre good cyclical regularity is of paramount importance. It 
is also g^enerally used for large engines employed for such purposes 
as generating electricity; indeed, it is almost the only system that 
can be relied upon to ensure regular firing over a wide range of load. 

Qualitative goveriihig consists ift varying thb percentage of gas 
in the mixture. Tlifh quantity of air taken in at all times remains 
the same, but the quantity of gas is varied to «uj£ the load. Since 
the range of mixture strength over whicli* complete combustion can 
hfi relied ^upon is comparatively small, it follows thsitf qualitative 
governing can tmly bC effective between comparatively narrow 
limits, and th.il tht efficiency is at a maximum at the lightest load 
which vvi ir ensure complete combustion, for, as has already been 


showji, the thermal cfficuMicy falls as the proportion of gas to* air 
is inci'cased. Some fuels haves a wider range over which complete 
combustion yill take* place than others, but in‘any e-ase the range 
IS far too small to j)t‘rniit e>f any vride Variation e)f pe)wer. In order 
to ificre'ase the* range of power as far as possible, every effort is inaele 
to cncoinal^e stratification. I’he admissiem of the working fluid is 
arrangeel progre'ssive*]y, air only entering the cylinder eluring the first 
})oi tion <d‘ the suction streeke. The gas enters with the last portion of 
tlie* air, see that the mMin body of the cemibustiem s[»aee at the end of 
the ce)mpressioii stre)ke contains alnK)st pure ail*, while the poiiket 
contQ,ining the* inlet vah e and igniter cenitains a reaelily combustible 
mixture of gas and air. This, as has been prtwiously ex[)lained, is 
tlu* condition lequircd for the maxirryira of thermal efficiency, and 
it is the ideal that the designer of an engine employing qualitative 
govcrnijig strives after. The suc,cess so fiu* attained with four¬ 
cycle engines, however, has not been very encouraging, although 
de.signcas of two-cycle engines, who have*, to reh" on qualitative 
gov(‘rning, ha\e dev€*loped the ])ossibilities of stratification to a 
much higher pitch. Mention should here be made of the very 
ingenious valve geai* employed by Messrs. Crossiey & (^o., on their 
•pialitative governed engines, which is described in detail in another 
volume; this valve* evidently produces a fair degree o^ stratifi¬ 
cation. 


t 


There can be little doubt that, when more is known of tdie 
j)henomcna of stratification, and t^e conditions which control it; 
qualitative govirning will^ be more* extensively employed, 'for no 
other systeifi can compare with it in efficiency. At t^e present 
time, diowet^er, it has hardly’been suffi^*iently developed to* be 
i'onsiGbf^*d as a commercial success, chiefly on account of the 
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danger of “firing back”. If, as is commonly the case od very 
light loads, the combustible mixture, through defective stratifica¬ 
tion, is excessively diluted by the large excess of pure air in the 
cylinder, the charge either fails to ignite at all and is therefore lost, 
or, what is even worse, ipii^es and burns so slowly that com¬ 
bustion is still continuiiiof throughout the wliole of the exhaust 


stroke. .The result 5s that, when the inlet valve, opens, the entering 
charge comes in contact with the still burning gases, and ignites 
back throu^k the valve and into the valve passag(?s, making a cov- 
siii^rable noise and fouling the succeeding charges. This is an all 
too common ocemrrence with qualitative-goveriK'd engines, au<l is 
particularly noticeable in two - cycle engines. Uiossley’s l'*ateut 
fhlet Valve is designed with a view to preventing such back-firing 
by admitting only pure air at first, but since, at the end ol‘ the 
preceding suction stroke, the valve was* supplying :i» combustible 
mixture of gas and air, there is alwavs a slight danger of a small 
portion of this niixtun* being retained behiml the valve and dftiwn 
into the cylinder .‘irhead of the pure-a,ir chai'ge. 

Both qualitative and quantitative governing’ rely to a greater 
or lesser extent upon stratification for light h)ads, ,and foi- this 
reason it is advisable to fit the inlet valve and igniter in a recess or 
pocket in the corabuslion chamber. This, of coiir.^e, increases the 
area of surface exqtosed to combustion and so increases the heat loss, 
but it is thoroughly justiiied by the better and more complete com¬ 
bustion obtained on light loads. In the case of hit-and-miss govern¬ 
ing this consideration does not apply, and the shape of the combus- 
^ tion space is a compijomise between the thermodynamic and the 
mechanical I'ecjuirements. For horizontal, single-acting engines, 
the position of c alves and sha])e of coinbu.stion space illustrated in 
the typical example, fig. 11, is almost invariably employed, whether 
the gi.verning lx* by hit-and-miss, quantitati^ e, or qualitative. Tin*, 
arrangement gives *11 perceptible degree of stiatification, with a com- 
2 >aratively small proportion of exjmsed surface, while the valves 
are readjly accessible and easily operated fioin a single side shaft. 

Mechanical Efficiency on Reduced Load. —Considering 
ne*xt the mechanical efficiency of this typical engine when running 
on a reduced load. tSujqjose tlwat the load l<(^ icduced to oiic-third 
of the normal’•full'load, that is to 10’5 B.II.P,'• The reduction 
of load may be effectet[ dy missing explosions, by tiirottling, or 
by'^qualitative governing^ 

Taking first the cas^ when power is rc.ducu'd by miss'ing cx- 
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plosionjs. It has already been shown that, owing to the scavenging 
action, ajnd absence of highly-heated exhaust gases in the clearance 
space, the mean effective pressure during an expansion stroke, 
following a scavenging stroke, is generally some 15 per cent higher. 
Ill this engine, witli a lO-per-eent g&s-air mixture, the normal mean 
pressure is 86*5 lb.* per square inch, laut following a scavenging 
stroke, it will probably be about 100 lb. per squnue inch; aj^o, owing 
to the lower temperatures ruling in the cylinder, the efficiency will 
1^ slightly higher, say 36 per cent. • •• 

The fluid losses will be considerably increased, and Profqs^r 
llopkinsoi^.has feund that the losses in pumping during the 
s(Sivenging strokes are about 2‘5 times as great as, under normal 
conditions. The reasons for this are not at first sight obvious, and 
it is worth while examining them iu detail. Firstly, during the 
suction stroke, a slightly*grciuter volume of air is taken into the 
ey]ijid(*.r, and hene*e proportionately * greater power is absorbed. 
Soclindly, during the compression and expansion strokes heat is lost 
to the cylinder walls, aud consequently the expansion line is well 
beJo'w the comprefc'sion line; that is to say, the energy absorbed in 
c.ompressiTig Jibe air is not all returned during the expansion stroke, 
l)ijt a small proportion of it pa-sses as heat to the cylinder walls. 
Tin* loss on tliis*account alone will amount to about 1*4 hor.se-pojver. 
'I'liirdly, the po\v(?r required to expel the air during the exhaust 
stroke is much greater, for there is no high pressure in tlie cylinder 
at the time when tlie exhaust valve is first opened to create a high 
velocity in the exhaust pipe and so help to withdraw the remaining 
contents of tin* i-yliiider. The diagram, fig. 16,. illustrates these, 
points very clearly. The dotted line is the diagram obtained 
during the idle strokes when the engine is running under normal 
full-load conditions, and the full line shows tliat obtained during 
the .same strokes when .scavenging. 


f’or these leasons the fluid losses during the' scavenging period 
may bo taken as 4'75 horse-power as against* f 9 hor.se-power when 
firing. , 

Considering next the piston friction, since the rotative speed 
is the same in both eases, the load due to the inertia of tite 
^r(*ciprocatiiig parts will be the sai»e, namely 155‘G lb. per square 
inch. When tire total megn pre.ssur(* on the piston? referred to the 
ex])an.sion stJl’oke, amounts to 245‘5 lb. itej- square incli,4.he liorso- 
l)owar*lost m friction is 3'6 horse-power. .When the fluid pressifres 
are rt’Tifeved, the mean pressures on the .jiiston will be only that 
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due to the inertia, nud will amount, as has already been .shown, 
to 155’6 lb. per square inch, for the mean pressure during, the idle 
strokes is provided by the constant = 1 lb. per square inch. 

The piston friction when the engine is not firing now becomes 


^]55'6 X + 1 lb.'per square inch ‘ 

*• 4 4-1 ]b. per square inch, or 2’5 horse-power. 



inaiidy u])()n the s]3eed and the inertia forces, and will therelbn* 
• not be allected. ' 

The losses during the scavenging strokes may, therefore, be 
taken as follows:— 


Fluid losses ... 


Piston friction 
Other friction 


Total 


■f-'To horse-power. 


8-7.') 


V 

if 


'AVhen firing, the lost hoise-])Ower will be 7‘0 horse-power as 
l)eibre, and since at this load the engine will lie firing approximately 
88 per cent and missing approjjiniately 62 ])er c(Mit of the cycles, 

the average lo.s.'i will‘be . 

^ • 

(8-75 X 62]l M- (7 0 x 88) _ 542 4- 266‘ 

Too '' 1()0 

« 
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Since the brake horse-power required is 15'5 it follows 

that the indicated horse-power must be 

15-5 + 8-1 = 23-G. 


The mechanical efficiency will no^Jl’ be 


15-5 ...K 

—— = 657 per cent; 
0 


}ii*d taking the indicated thermar efficiency as 36 per ceaf, the brake 
thermal efficiency will be* 

* 65'7 

36 X — = 23’6 pel- cent. 

U)() ^ 


In order to find the exact minilier of power strokes or impulses 
])er minute required to giw tliis power it will be necessary to find 
* the imficated horse-ptiwi'r of each impufse strok(‘. This will be 


100 X 113-1 X To 


0-515,. 


, and if the 1.11.?^ reejuired la* 23-6*the number of impulses per minute 
will be 


23-6 


— = 4(! impulses per minute. 


0-515 


If, instead of missing explosions, the powiu- be reduced by 
throttling the incoming charge, so tha^ ignition takes place, at every 
ey(4e, but at a very much reduced mean pressure, then the thermal 
efficiency becomes an unknown quantity, because with very much 
reduced charges the combustion is seldom anywhere near complete. 
Also, it is generally necessary to use a somewhat richer mixture 
than at full load, in order to ensure ignition of the charge'. Experience 
shows that the full-load indicated thermal efficiency is generally 
about 75 to 80 percent of the full-load efficiency. • Taking the same 
brake horse-power as before, namely 15-5, it (ia*. be shown that the 
mean effective pressure will be slightly under 4Cf lb. per squai-e inch, 
and consequently the weight of charge taken in pei- cycle wilf be oiily 
about 46 ])er cent of that taken in on full-load. This will invoh e«a 
considerable suction loop in the indi(j|itor diagram, and hence a large 
huid loss during,the suction stroke. .This is well illustrated by the 
indicator diagrams, fig. 17 (see Plate facingjp. 80), which arc actual 
diagrams, taken with an optical‘iifdicator, from the author’s experi¬ 
ment^ ^gine running on*a light load and throttle-governed, but 
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under special conditions ensuring rapid and complete combustion. 
The area of the suction loop, and therefore the fluid losses, could 
be reduced by reducing the period of opening of the inlet valve, 
instead of by throttling, but this is seldom done in compara¬ 
tively small engines. On the other hand, there will be no fluid 
loss due to the compression and expansion df unburnt gases, and 
no extra fluid loss ®n the exhaust stroke, since the engine is firing 
every cycle. Without going into elaborate figures, it will probably 
be safe to take the fluid loss in this case at about 4'5 horse-power. 

^ ^ The piston friction may be taken as 

2 t 

{I55’fi 40) X Y^) + 1 It), per square inch 

= 0 lb. per square inch, or 3‘05 horse-power. 

Bearing friction and valve-operating losses maybe taken as being 
the same in all cases. - . ' • 

The losses will now be as follows:— » • 

Fluid loss ... ... ... 4 o _ horse-power. ^ 

Piston friction ... 305 

Other frictiorj losses ■ .., PS ^ 

Total friction ... 0‘05 . • „ • 

-If the brake horse-power recjuired be 15'5, th'en the indicated 
horse-power will be 

15-5 -f 9 05 I.JJ.P. = 24-55 l.II.P. 


The mechanical efliciency will be 

—— = 03'2 per cent. 

24'5 5 ^ 

Supposing combustion to b(* complete, and the mixture strength 
exaiitly the same as on full load, tJien the beat lost to tin* (‘ylinder 
walls would be nearly the same in both cases. The differences are 
due to two, among .other, causes—1. Since the weight of charge 
taken into the cylindei- is A^ery much less, there will ])e a lower 
en'tering velocity and less turbulence. 2. fSince the proportion of 
echaitsb gases in tbe cylinder is greater, the maximum 

temperatyires will be slightly lower. For these reasons less total 
heat will bo last to* the cylinder walls on a reduc(’:d load. On the 
other hand, since the Ayeight of charge taken in is only about 
45 per cent of the full-load AVeight, the proportionate loss at 
light loads Avill be much greater. Taking all these points into 




Iiilikatoi’ SjiiiiiK -<* n>- l.iiicli 

• • 

Fig. 17 o 
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(Consideration, it is probable that the proportionate heat loss to the 
eylinder walls will be somewhere in the neighbourhood of 18 per 
cent. 

The indicated thermal efficiency will probably be about 28 per 
cent, and the brake ^thermal efficiency 

63'2 X 28 per cent = 17‘7 per cent. 

Bht it has already b(cen pointed out that there will probably be a 
f'lirtlier loss due to ineoihplete combustion, and that in consequence 
lli(‘ brake ther>'lal efficiency will be lower. 

• Finally* assuming that the load were reduced by^ reducing tlie 
density of the mixture, l!liat is to say, by qualitative govemifig.* 
To obtain 15’5 B./I.P. a mixture density of somewhere in the neigh¬ 
bourhood of ^4 per (cent will be veqiiincd, and such a mixture, if 
homogeneous, woukPbe altogether too wVak to ignite. Conse([uently 
suatifneation must be relied upon, in order that the mixture imme¬ 
diately surfounding the igniter points may be of a sufficient density 
to ensure rajhd and complete combustion. In the light of present 
knowledge* >uch*a. (-ondition is gel'ierally aeceptecd as being unattain¬ 
able, but it is none tlu* less interestijig to (consider the ease.on the 
assumption thatdt is capable of being attained, , 

Talking the Huid and mechanical losses; sim.-e the engine is firing 
at evei'V' cycle, and is taking in a full charge of air without throttling, 
the Huid losses will bt* ap[noximatel 3 j the same as on normal full 
load, namely, 11) horse-[)ower. 'I’lie piston frielion will be the same 
as when running with ihrottle govei ning, namyly, n (>5 ]iorse-pow(*r, , 
and the bearing and other fricti<-Ui l((sses may be. taken*as being the 
same iti all three cases. 

'file losses will now be as follows;— 


Fluid loss ... 

Piston friction 
Other friction loss(\s 
Total ... 


1 '3 liorse-power. 
:{05 

ti 45 


The indheated horse-power will therefore bo 

15'5 (J‘45 = 21‘95, 

and the mechanical efficieu(’y 

= 70 (> pcr»cenfc. 

_ w T o 


I. 
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Now the indicated thermal efficiency in this case will he the 
same as for a 4-per-ceiit mixture, and, as will he seen from the 
curve, fig. 13, will he about 44 per cent. Hence the brake thermal 
efficiency under these conditions will hi' 


100 

In pnictice a brake thermal efficiency of 31 per cent at one- 
third load has never been obtained, or ('veu ai)proaehed, in an 



ongine of this type, bnl the exain])lo is interesting as showing what 
might he ae.complished if pei'feet stratification could he realized. 
The diagrams illnstiated in fig. J8 arc taken from an engine employ¬ 
ing (qualitative gov.'*njiiig at full and at half load, llie half-load 
diagram illustrates very eli'arly th(' leduetion in the maximum 
toinperature and pressure, which should result in ineivased efiiciency, 
hut it also illustrates slow and incomplete combustion, and it is 
probable, from an examination of the diagram, that the thermal 
efficiency actually < htainod on reduced loads is little if any higher 
than when governed bv throttling the e.barge. 



CHAPTER VI 

THE DIESEL ENGINE 


The typical gas-cngyic wliii'h has just been analysed may be 
n*.gaj'ded as lieing repi-esentative of all modern four;cycle constant- 
volunui or ex{)le^siou engines. Larger engines are generally built 
with doublet acting evlimfers, and, of course, external cross-heads. 
In this case the piston friction is coiisidei'ably reduced and a higher 
ine^hanicjd efficiency is obtained. It is not proposed at this stage 
to deal with the two-cycle exjjlosion engine, in ^hich the jirobleins 
connected with the thermal a^jd mechanical efficiencie.s are very 
much more,eo{fiplicated, and which ai’C'dealt wdth at some length 
in Vol. 11, but i-ather to pass on to the constant-pressure or 
Diesel tyt)e. ' • 

A typical example of a Diesel engine is illustrated in figs. 19 and 
i’U, It will he noted that this is a \'ertical design, which is usually 
adopt ed foi' (;onsi ant-pressure eiigiiKs, not because there is any 
])arti(‘-ular ivason why one should be built with horizontal and the 
other with vertical cylinders, but simply Ijijcausc the Diesel typt^* 
was developed at ;i latei' pc'viod in the history of the Internal-com¬ 
bustion Engiu(‘., when vertical cylinders were becoming the ac(;epted 
l v[)e in contemporary steam-engine pj-actice. 

It has already been shown that in the constant-pr(*ssurc engim* 
the theoretical efficiimcy depends not only upbn the compression 
ratio, but also u])on the maximum tempei'a^fire, and increases as 
the maximum tem])t‘ratu]e is ri‘duced. In this particular* instance, 
i’oj’ the sake of com])arison, it will be assumed that on full load the 
admission of fuel is continued for a sufficient length of time*to 
produce the same maximum tempui'ature as in the gas-engine, in 
oiih'r to pulve1’iz(‘ the fuel suffieiebth' finely to Vnsure complete 
combustion, it has been found desirable tt^foivc it into Uie cylinder 
by intians of highly compressed air, at a# pressure coii^iderably in 
excess “of that in the cylinder. The quantity of air used for the 
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injection of the fuel usually amounts to about 6 per cent of tbe air 
taken into tlie cylinder, and this somewliat confuses the issue. Let 
it be supposed that the engine has the following leading dimen¬ 
sions :— 

Bore . ... .. 12 in. 

Stroke ... ... ... ... 18 in. 

Rotat 1 ve speed ... ... ... 240 R. I’. .M. 

Compression ratio ... ... ... 14:1. 

Area oF piston ... ... ... llS lsc). iu. 

Piston speed ... ... ... ... 720 ft. per minnte. 

Proportion of injection air to total aii- 6 ]ier cert. 

Pre.ssure of injection air ... ... 900 lb. per ,s(j. in. 6n full lord. 

' Weight of reciprocatini; parts ... 8(/0 lb. 

Weight of reciprocating parts per 

square inch of piston ania ... 7‘1 lb. 

The weight of the reciprocating parts in tliis engine has been 
taken as 800 lb. I’lje reason for tJie increase in tiie wi'iglit of these 
parts, as compareo witli the gas-(‘ngine, is that ihc'v must he suf- 
ficieutl}" strong and heavy to l>e able to resi.sl not only tlit‘ normal 
working pressures ])ut also any alnionnal pres,sures that may oceiir. 
In the gas-engine with a 0 : 1 compression ratio tin* liigliest [we.ssure 
that is likely to oeeur in tlie event of pre-ignition \rith a .strong 
rni-Xture is under 650 lb. pei- square inch; but in the constant- 
pressure engiiK' very much higher pressures may <u‘<‘ur nndei- (-ertain 
abnormal conditions, and it i.s advi.sable so to design all parts of 
the engine that thej^ can be i-elied upon safely t<j with.stajid a 
'pre.ssme of from 1200. to J500 lb. per s(|iiarc inch. 

Indicated Efficiency. —Taking fii-st the imlieated etlieieney 
and ])ower. It is not proj)o.sed to go tln-ongh the saim* lengthy 
ealeulation as in the case of the constant-volume engine, wliicli 
would be parthudarJy laborious in tliis e-fise, liecanse allowances would 
havt‘ to be made foi the fact tliat heat is added at eonstaiit pr(‘s.sure 
and rejected at eomsfant volume; and also for the fact that air, 
which lu.s been previously co]npj(‘ssed from some external source, 
is admitted to the cylinder along with the fuel during the. expansion 
stroke. 

It lia.s* already been .slniwn that the theoretical air-standard 
efiieiency of a' constant-jwe.ssnre engine is dependcjit both upon 
the coinpre.ssion ratio and upon tlie maximum temjierature. AVe 
have also seen that the elliciency rises as the maximum temperature 
is reduced, until, at th(‘ point of no-heat supjdy, it is equal to the 
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aii-.st:ui(laid t'fiicieiicv for a 

coiistaiit-voluiiie or e.\plosion# eiigiye, 

which ill this case aiiioimls 

to 
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Under normal full-load working^ conditions, with a maximum 
temperature of 8480° F., the theoretical air-standard efficiency will 
be about 5G per cent, but this wdll be still further reduced when 
the changes in specific heat have been taken into account. 



Fig'. - Section of a Typical Foiu-cycle J->iescl Kngino 

» 

On the other hand, the introduction of an cxtai snpj»1y of air 
after the gnd of the co/ppression stroke will tend to laisi* the ap- 
paient efficiency somewjiat. For the ])uri)Oses of the foKowing 
ealculations it will be assumed that, with a maximum tem.]V(^rature 
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of 3480“ F., the ideal efficiency of this engine is 51 per cent. It 
will also be assumed that the efficiency rises in a straight line as 
the maximum temperature, and therefore the mean effective pressure, 
is reduced until it finally meets the air-standard efficiency line at 
the point of no-heat supply. In this’engine the apparent volumetric 
efficiency will be higher than in the gas-engine, because about 6 per 
cent of extra air is added during the combustion period. , Again, 
since the specific heat of air at constant pressure is about 40 per 
cent higher than the specific heat at constant volume, abbut 40 per 
cent more heat is required to h(‘,at the gas through a given intervqj 
of temperature at constant pressun* tlian is required when the heat- 
is done at constant^volume. Taking all thesq points iiAo 
consic^-ration, the ideal mean eifeetive pressure, corresponding to a* 
maximum temperature of 3480'’ F., may be taken as 135 lb. per 
square^inch, against 10(f5 lb. per s(juare inch in the gas-engine. 

In actual practice, w'itli a maximum temperature of 3480" F., 
and ihaking allowance for the extra air admitted, an indicated thermal 
effi(‘iency of about 43 per cent^ may be obtained,*and under these 
conditions the indicated mean pi’essure will bc 


.43 

51 


i;?5 = 114 lb. per squan* inch, 


ajid the imlicated horse-power 

114 X il3T X 1-5 X 120 _ ^ j jr p 
33000 • ' 

Mechanical Efficiency. —Taking the indicated horse-power 
as 70’5 I.H.P. it now remains to find the meclianical cliicienev and 

%f 

brake horse-power, and to t^iis end it is first necessary to investigate 
the various sources of lo.ss. 

1’he fiuid loss will be approximabdy the same as in tlu; gas- 
engine, and may therefore b(‘ taken as hois(',-pf)wer. Cfii account 
both of the hiuivier reciprocating parts and the Irtgher mean }>rcssure 
ihe piston friction will necessarily be greater. 1’hat portio*! of the 
friction due to the inertia of the reciprocating parts will vary dirc'ctly 
as the weight of these parts, and. when re<liiced to terms of pressure 
j)er square inch of piston per power "troke, will lK‘e.ome 

7*1 * 

15r)‘(> = 208 lb. per square inch. 

J ti *' 

AdTr^o this the useful mean pressure, apiounting to 114 lb. per 
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square inch, and the total pressures tending to produce piston 
friction will amount to 

i208 + 114 = 322 lb. per square inch. 

The constant friction loss due to the pistqn rings and tlie Iluid 
pressures during the idle strokes must also be added, and in this 
case ma*^' be taken as amounting to 2 lb. per square inch, for the 
higher compression will necessitate moi e and stiffer rings and greater 
jrressure during the compression stroke. , 

' 'The piston friction will therefore be 

• 2 X 

(322 X + 2 lb. per square inph 

= 8 "44 lb. per square inch, or 5'15 horse-power. 

I 

The bi'aring friction in this engine will be sdmewhal higher than 
in th(‘ gas-engine, because, to withstand the higher mean ])]-esLures, 
larger bearijig surfaces are necessary; the crankshaft also must be 
of considerabl}' larger diainetei-, with the' result that the bearing 
friction will probably lie-about 30 per cent grt'ater. 

Finally, the valve gear will require- more power, because, in 
ad^Ution to the inlet and exhaust valves, there is also a fuel valv«-, 
which is only opened for an exceedingly short time, and which 
requires a very stiff spring to ensure rapid closing. j\Ior(}over, as 
a general i-ule, it has to be opened against the injection air pre.s.sure. 
3’here is also a fuel puinji, which will absoib an appi’ec-iable amount 
of power, since the oil has to be delivereti to the fuel valve against 
the pre.ssuie’ of the injection air. It will pr^ibably not be o\'er- 
stating the case- to put the bearing and valve gear friction at 
3'5 horse-powei'. 

In addition to the.se lo.s.ses, there is also the higli-jiressure 
coinpre.ssor, used for siqiplying the injection air for the fuel valve. 
The ])ower absorhc.i by this coinj>res.sor varies considerably, 
according to the amount of air required for ]»ulverization, whic-h 
again depends upon the design of the fuel valve, the load, the speed, 
a’ld the ff)rm of the combustion chamber. 

Undev the conditions of lo.^d and speed in this particular ca.se, 
and w*ith the licst jxrssible design of aii -})ump, delivering G per cent 
of the air for combustion through the- fuel valve, the power absorbed 
will not be le.ss than V hor.se-p’ow'cr, and in many cases .will be 
<‘onsideiably more. 



THE DIESEL ENGINE 


89 


c 

The total mechanical and fluid losses are now as follows:— 


Fluid loss ... 

• • 

• ■ • 

1-9 horse-power. 

Piston friction 

• • • 


5T 

Otlier friction 

• • » 

, , 

3-5 

Ail- coin2jres.sor 


• ■ ■ 

70 ■ „ 

-Total 

. . . 

. • • 

17-5 


I’hft hiake horse-power will thei’eforo 

70-5 - 17-5 = 58B.H.P. 

The mechanical efficiency will be* ‘ 

"" 75 per cent, 

/()5 

and the brake tbA’inal efficiency 

75 * 

4o X —= 32‘2 per cent. 

100 ^ 

• 

If the lower heating value of fcsidual oil be taken as 18300 B.T.U.s 
[jer pound, this- will correspond a fuel consumption of 

0‘43 lb. per B.H.P. hour. 

Comparing these latter results with those obtained from a con¬ 
stant-volume gas-engine of the same dimensions, running at tlui 
same speed, and em])loyiug the same nmximum temperatures, it will 
be seen that the bi-ake horse-power and the brake tliernnd eflieieney 
are both onl}' very slightly higher, though a study of the r('S[)ective^ 
eomju-ession ratios would lead one to expect a mueh higher net 
efficiency. In the gas-engine, with a compression ratio of 6:1, 
the air-standard efficiency is 51 per cent, and the actual net 
<‘fficieucy 30'5 per cent, or Avithin (50 jier cent of the air standard. 
In the constant-pri'ssure oil-engine, Avitli a compression ratio of 
14:1 and an air-standard efficiency of 65 per<i«ut, the net efficiency 
is only 32’2 per cent, oi‘ slightly less than 50 per ccuit of the air- 
standard (ifficiency. The principal causes of this ho'gci discrepancy 
are to be found in tln^ naluetion of the air-standard efficiency Avith 
increase of temperature, and of course the still further reduction 
AAdie.n the changes of the. specific hert of the .vorking fluid fit high 
temperatures are taken into account. There is also the formidable 
proportion r)f the total power required to driAe the higli-pre.s;»ure 
air cflujpressor for the pulA crization of the fuel to be considered. 
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If means could be found for pulverizing and distributing the fuel 
without the necessity of this high-pressure air, a great improvement 
would be made, but, so far, no system of mechanical pulverization 
has been sufficiently successful to increase the net efficiency; that is 


to say, the losses due to imperfect pulverization and distribution, 
and consequent incomplete •combustion, have*been found to be 
greater than those incurred by the air compressor. 

From the abo\T results it will be seem tliat, as regards the 
net tliermal* efficiency on full load, tliere is very little to be gained 
by the adoption of the constant-pressure ty*pe in preference to the 
constant-volume. The former type is veiy muoh more expensive, 
involves a large number of small parts which require extremel'/ 
{Tccurate workmanship, and cjxnnot well Ik* made on the tools, em¬ 
ployed in an ordinary (mgineering workshop. Again, since much 
greater pr(‘ssures may, under abnormal circumstances, /)ccur in the 
cylinder, it is necessary to *Duild the whole Aigine considerably 
heavier than an explosion engine of similar pow’cj-. lhere'i»are, 
however, two very, strong arguiiK'nts in fa\’our of the Thesel tyjie 
of engine. The first is that practically any liquid hydroeaihon 
fuel can be burnt direct i'n the (ylinder, without fihe necessity of 
first passing it through a gas producei', with all the losses that 
sucl^ an intermediate stage must incur. Sec.ondly,* sinct; the fuel 
is not present in the cylinder during compression, and does, not 
depend upon thorough mixture with tin* air <luring this period for 


complete combustion, qualitative gov<*rning, with its manifold advan¬ 
tages. (;an be employed for all loads without having to rely upon 
.stratification. It is these two features that have brought about 
the widespreaVi populaiity of the Diesel oil-engine. 

Governing. —The theoretical advantages to be obtained by 
qualitative governing have already bei'n consideied in the case of 
the gas-engine. In the Diesel engim; the advantages gained are 
even more important, for not only aic the. losses reduced; but 
the air-cycle efficiency itself rises as tin; temperature is reduced. 
In the Piesel engine the maximum temperature is proportional 
to the quantity of fuel admitted, and the efficiency rises as 
the load is reduced at an even greater rate than in the gas- 


Let us conskler the case of this engine wdien running at one- 

LXllXU. XKJCLKX €h UJaiVO 1JW WI" I UL X/ U. -IJIU JXUItl WIJl uc 

subJitantially the same .V; all loa^s,' since a full supfdy of * 311 * is 
always taken in, irrespective of the load, and ignition of thfl fuel 
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occurs at every cycle, hence these losses at 17‘6 B.H.P. may again 
he taken as 1*9 horse-power. 

The piston friction will be slightly reduced, on account of the 
reduced fluid pressure, which in this case will be about 60 lb. per 

square inch. This loss will therefore' amount to a?)out 

$ 

((208 + GO) X + 2 = 7‘8G lb. per square inch, 

i \ / v/ A 


or 4 5 horse-power. 

I 

The bearing and other friction losstis may be taken to be the 
same as before, ntf.mely, 3'5 horse- power. (Jn account of the 
reduction in tlie quantity of fuel there! may also be a reduction 'in 
the ayiount and pre'ssure'of the air required for its pulverization, * 
and consequently,the power absorbed by the air compressor will be 
less. In this,case it may fairly be taken as 4 5 horse-power, instead 
• of 7 horse power, as'on full load. ' 

'Jiffie total of the mechanical and fluid losses now becomes 


Fluid loss ... ..., 

Piston friction 
Other friction 
A ir coni])ressor 

• I'otal k)s.ses 


J-9 

3-5 

14'4 


horse-pWer. 


9i 


the 


Sinc,(‘ the brake liorsc-po\\ er is now 17‘6 B.Il.P., it follow’s that 
l.JI.P. necessaiy is 


17-6 -I- 1-1-4 = 32 I.H.P., 


and the mechanical efficiency is 


17-6 


32-0 


55 per cent. 


At this load the actual indicated tlu*ruial etiicieney, making no 
reduettion for the (‘xtra air sup])lied by the contpressor, will probably 
be about 48 per cent, and the brake thermal efficiency will be 

55 

48 X = 26'4 per cent. 

Correspon<ling to a fuel c.onsum]»tion of 0 o28 lb. pei; B.H.P. hour. 

At about two-thirds full load—that is, at a load of 36 B.H.P.— 
tlu' luttchanical and net thermal* efficiencies will b(‘ approximately*as 
follow'si— ■ * * 
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The mechanical and fluid losses will be 


Fluid loss ... 

in 

Piston friction 

4!) 

Other friction 

liTy 

Air cuinprc.ssor "... 

()-2 

Total losses 

i’orj 


Since the brake bor.se-]io^*vei' is now SG, it follows that the I.ll.l*. 
iiecessar}^ is ^ ^ j y ^ 

The mechanical e^i^ciene^■ is 


;u; 




= G8'o per c^nt. 


At this load an indicated thermal ertifiency of ab<»n^ 40 per cent 
may be expected, and the ne? thciinal eliicieiicy Vill theiidon^ be 


40 X 


08 -a 
100 


•5 per cent. 


Corresponding to a fuel eonsumption of 0'44 lb. |;«‘r B.H.P. hour. 
This method of computing the indicated thermal and mechanical 
elHcicucies is one that is usually accepted, and, indeed, it i^ prob¬ 
ably the only practicable inetlioil. The lesult.s obtained, ho\'wever, 
arc erroneous from a scientific point of view, because a certain 
proportion of extra air is admitted to, and does work in, the 
cylinder of the engine, l)ut the work jjreviously dom* on this air is 
included in the mechanical losses, instead of being deducted from 
the indicated power. The result of this computation is that the in¬ 
dicated thermal (‘flicienev is too high and the mechanical efiiciencv 
too low. It is not suggested that any other computation should 
be adopted, nor, indeed, is it a matter of any cons(‘(juence, for 
it is the overall jellicieu(5}' alone which is of importance to tlje 
practical engineer. »Eut it is well to bear in mi ml, when statements 
are made as to the indicated thermal eflicieney of Diesel engines, 
that a comparison between the actual indhaitor diagram and the 
quantity of fuel consumed will give a figure for the indic ated tliernial 
eflicieney .which is consideraldy above the true value. As a com¬ 
parative figurec it is'(juite suflielently accurate, but us an absolute 
one it is misleading, and therefore the elliciencies of constant- 
pressure and exphjsion engines sliould be compared only on theur 
net values. ' 



CHAPTER VII ■ 

t 

TWO-CYCLE DIESEL ENGINE 

Two-cycle Di'esel Engine.— In tlie two-cycle Diesel eiigipe 
tliennnl conditions hit; praiitically the same as in 4he four-cy,clc 
cngin^, but the mechanical efiiciency is considerably lower. In 
engines working eji this cycle, since there is no suction or exhaust 
sti'oke,^ it is •nec,css|iTy to*force the air for combustion into the 
cylinjj^er at a pi'essui'i* above the atiuosplicric pressuie, and for this 
purpi^e a separate juiinp of some form must be employed. Sup¬ 
posing that the sauu* typical /'onstant-pressure ‘engine were now 
converted to ojxuate ujsui the tw,o-stroke instead of the four-stroke 
cycle, it is iptehesiiijg 
tocompari* the mechan¬ 
ical and net tliernial 
etticiencies which woidd 
be obtained. 

In so far as the 
th(‘rmal cTUiditiou^ 
within the cylimh'r are 
concerned there will be 

vciT little change, but the ellective .stroke of the engine will be 
slightly iT'duced, because the last 20 per cent ol the stroke will 
be coni])leted after the exhaust ports have been uncovered, and 
th(‘ pressun* within the cylinder has been releUscd. In tig. 21 
i^ shown an actual diagram from a two-cycle Dfcsel engine. Strictly 
speaking, the compression and expansion strokes .should be Kigarded 
as b(‘ginniug and ending at the point where the pressure in the 
cylinder cros,s(',s the atmosphen'i*. line, but this point is not easily 
determined with any piT'cision, but •on the average troni -10 to 15 
per cent of the expansion stroke ma\' bo regarded aS lost. Conse¬ 
quently the mean })re.ssurc of two-cyele t^ngines is for ,an equal 
maxiinflni tohipei-ature always somewhat lower. , ’ 

In "(tWler to drive out as much as po.ssiJile of the exhaust gases 



Fif;. 21.—Two-cvcli 
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and thoroughly till the cylinder with air, it is usual to employ a 
scavenging pump which displaces from 40 to 60 per cent more air 
than the swept volume of the cylinder. As a general rule, even 
with a pump capacity GO per cicnt in e.xcess of the cylinder volume, 
the proportion of air retained in the cylinder ^seldom exceeds 75 per 
cent of that available in a tour-cycle, engine. This proportion is 
sutheieLt for a mean pressure of about ilO lb. per square ineJi 
(reckoned on the full stioke). Such high mean pressures as this 
arc, however, seldom empl'oyed, on account^ of the high temperatures 
inrolved, and these generally prove to be the limiting factor in all 
but small engines. * 

We will assume that the typical engine, already illustrated, is 
converted to operate on tin' two-stroke, cycle, and that all the leading 
dimensions are unaltered. Assuming that it is litinning on full load 
with a mean pressure of 100 lb. per s(juare inqK, thci! since 4;here is 
an impulse or power stroke at every revolution, the indicated, horse¬ 
power will be 


100 X 113-1 X 1-5 X 2i0 
33»U)0 


123-4 


and the indicated thermal elticiency will be in the neighbouiiiood of 
42 per cent, reckoned on the usual basis. For although on the one 
hand the maximum temperature is lower, from 10 to 15 per ('eiit of 
the available cxpan.sion is lost, due, to the pisimi overrunning the 
exhaust ports. 

For purposes of compMri>on. it is assumed that the engine will 
run at the same* speed whether it is operating on the two- or four- 
.stroke cycles, but it should be remembered that, in the former case, 
the time available, b(jth for the expuksiun ^)f the exhaust from, and 
for the entry of air to the cylinder, is substantially re.duc.e.d, and that 
this may, in practice, nece.ssitate running at a somewhat lower .s]>oed. 

Mechanical Efficiency of Two-cycle Engine. —It is now 
necessary to investigate the various mechanical and fluid lossc's. 
Taking' first the s(;avenging puni]). this has a c,a])ac.ity equal to, say, 
1-0 times the swe{)t volume of the power cylinder. To simplify 
the following calculations, let it b(‘. assumed that the scavenge 
pump is‘also 12 in. bore but has a .stroke of 27 in., or 50 per cent 
more than the powei- cyliiKlei-. The prcssuii* o)’ air required to 
overcome the re.si.stan(!c of the valves oi- inh't ports and expel the 
products of combustion is generally ak)ut 3-5 lb. per s(juajil‘ inch, 
and this may be taken as a fair average^ figure. The [)ump, tliero- 
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fore, must deliver its full volume of air against a pressure of 3-5 lb. 
per square inch above atmosphere. The mean pressure in the pump 
cylinder will probably be greater than this, depending upon the size 
and type of valves employed, but, however qarefully these are 
designed, it is unlikely that the 'mean pressure, including the 
suction loop, will be less than 5 lb. per square peh. 

I'he indicated horse-power of the scavenge pump will therefore be 

5 X 1131 X 27.x 240 _ ..o t tt p . 

33Q06'irT2- 


The mvchaiiicareiliciency of such a pump will probably be abqut 
75 per cent, so that tlv; liorse-power required to •overcome 4lie^ 
lueehfeiiical friction of the pump wiJI l»e 

9-2 

= 3‘1 horse-power. 

13)0 main piston fiiction will, of course, be considerably reduced 
in i)roi)ortfon to the total power, because, wliilc the inertia pressure 
remains the same, the useful mean })ressure is nearly doubled when 
I'eckoned on th» same basis as in a foui--enx*le engine. The inertia 
pressure on tliis‘basis'amounts to 208 lb. per square inch as before, 
but in this case* about 50 per cent of the total inertia pressure is 
balaiY'cd by the compi-cssion pressure, so that the net figure raa^ 
be taken as about 110 lb. per square inch. 

110 lb. per square inch -f 200 lb. per square inch 
= .310 lb. ]ier square inch. 

The piston friction will therefore be 

( 3 IO X + 2-0 

\ 100 ./ 

= 8"2 lb. per square inch. 

• • 

This friction is equivalent to 5'0 hor.se-jiower. 

'Phe bearing and other friction losses will be approxiimftely the 
same in both (aises, namely about 3'0 horse-power. ^ 

The quantity of high-pressure blast air required will be rather 
dess than double th(‘. quantity requirejl for the foiir-e^’^cle engine on 
account of the lower mean jn’ivssure, and the mechanical friction of 
the coijipresiior will be proportio*iately lowef on a.c.count of Tbhe larger 
size. * .Qn these grounds the total pow’er absorbed by the air com- 
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pressor may be taken as 12 horse-power, 
fluid losses will be as follows:— 

The total mechanical and 

o Fluid loss 

SCfIVGnff© pUlUp -ar 1 • 11 

MechamcaMo’^’' ... 

... 92 horse-power. 

;^i 

Piston friction ... 

... rAO 

Other friction 

30 

Air compressor ... 

120 

Total losses 


9 .Since the indicated horse-power is 

i23-4 I.H.P., the brake 


liorse-power will bo 

123-4 - 32-3 = 91 1,P>.1I.P. 

r 

C 

if 

Tlie mechanical efficiency will be 

qi-o j • 

= 74 per cent. 

123 -:) ^ 

I 

If the iudica-tcd thermal efficiency be 42 per cent, the net 
thermal efficiency will be 

74 X 42 = 311, 

corresponding to a fuel consnmjjtion of 0*455 lb. pei- B.H.P. hour. 
In comparing the.se re.'^ults with the fonr-cyclc engine it mij.st be 
pointed out that, in the case of the two-cycle engine, owing to 
the lower mejin pressure, the indicated thermal effi«'iency is taken 
as 44 per cent as against 43 per cent in the four-cycle (uigine. 
Experience with actual engines has .showji that, taking the best 
examples of both type.s. the net thermal efficiemey of the four¬ 
cycle engine is generally about 5 ])er cent highei- on full load. 
On one-third load the two-cycle engine .shows u]) le.ss favourably, 
e.speeially if, as is gcnmally the case, the full-load voluim; of the 
.s< avengc pump be^utilized. In this connec.tion it should be pointed 
out that only a la'rtjjij'n small ])roportif)n of oxygen is required for 
com piety combu.stioh of the fuel on light loads, the remainder of the 
air or gases being simply inert. Under the.se conditions there is no 
particular object in expelling exhaust gases at the cost of a con¬ 
siderable .load on the .scavenge j)UTnp, and a lastter mechanical and 
net thermal efficiency would fee obtairuid if th(i quantity of scavenge 
air were reduc.ed, though, so far as the author i.s aware, this is never 
done in practice. ^ ‘ 

On one-third load the brake horse-power of the two-cyclc engine 
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will be approximately 30 and the mechanical and fluid losses 

will be:— 


(Fluid loss 
P"'‘'nFri<=tic.n loss 
Piston friction 
(5ther friction 
Air compressor ... 

Total losses 


9 2 horse-power. 

n 

40 

30 

27-3 


The iiitlicuted horse-pow'er becomes 

• 30 -1- 27-3 = rj7-3 I.H.P. 

The mechanical efhc.ieflcv 

30 


• 52-3 per cent. 

\ • 


la lo indicat(Ml ihermaJ edicioncy at 57‘3 I.II.P. will be about 
48 per (cfit, and the net thermal eHiciency 

48 X 52'3 = ii5 I percent, 

9 # * % 

(•onvspondiuii to a liiel consiiin]»tion of 0'5G5 lb. })er B.Il.p. liour. 
If now on one-rhird load the air scavenge were reduced to one-half 
the fpiantity at full load, the fluid loss in the scavenging pump would 
be reduc(Ml from 9‘2 hoise-y)owei' to probably about 3’5 horse-power, 
foi‘ the reduction in vedume of air vveydd natmally be accompanied 
by a reduction in the pressure nced(‘d and its vcdocity. Lndiu' 
these conditions the mechanical and fluid looses W’ould be reduced 
from 27 3 to 2 rt) horse-]tower. 

ddn; indicated horse'-pow(‘r required wouhl be 

:;0 -1- 21-(; = 5 1C. l.If.P., 
and the mechanical ediciency would be increased Ho 


• • 


3.0 ^ • 

= a 8 2 per cent. , 

51 •(■> * • 

On account of tlie lower l.JJ.P. the indicated tliermal edieiem-H" 
should be iiiolier, but this advantage will be eoiintera(“ted to some 
(*xt('nt, because‘the greater (puintity* of exliau^t g.'ftses retained in 
the cylinder w'ill raise the temperature tlyoiigh(nit the /‘vcle and 
so itjcfcase Yhti heat losses. I’lie didennujc* on either ^de w'ill*be 
tnfling*and the net result will probably by the same, therefore the 

Voi 1. 
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indicated thermal ethcieiicy may he taken agi 48 per cent in both 
cases. 

The net thermal efficiency now iKicomes 

, 58’2 X 48 .= 27'9 per cent, 


corres])ondin,i^ to a fuel consumption of ()'5 hb, pei- B.II.P. hour. 
Tlius a very subskintial suvinc- in fuel might be elfected if some 
means were jn-ovidcMl for reducing the quantity of the scavenging 
air on light loads. 

Before inoceeding to discuss the mechajiical details it will be 
Avoli to tabulate the lesnlts which have been ai-rived at at this 
stfige. Latcj- on, in this book, actual test figures will 1)e quoted, 
and some of these are tabulated below with the figures arrived at 
from the foregoing reasoning. They will not be found to'diJfei- 
very widely. The ty})ical engines that have been coijsidered so far 
are supposed to represent the best modern pi’actice. The twV>-cyc,]e 
gas-engine has been pui’posely omitted at this stag(‘, becaii e its 
efficieix'y depends almost entirely upon stratification, wnich is far 
too unceitain a quantity to base any calculations upon. Taking 
in each case an economical load, generally about 85-90 j»er cent 
of the maximum load, we obtain tin* follow'ing lignr<‘s;~ 



(tiW-eliLfim 

-<-ycK' 

J 

J )ll-.M'l. 

I tore in( lie.> 

1-J 


12 

Slit>ke iiiclieh .... 

IS 

IS 

IS 

. 

L'JO 

240 

240 

J’i.str)n spe(‘d, jeet per iiifinue 

720 

720 

720 

IJiake liorsii-jtDwei (at ocoinanieal load) 

4 a •> 

5.2 It 

SI)-a 

liiiliraterl hors(‘-])o\ver 

n.-i-.”) 

7(J 5 

1 2;V4 

Mechanical ctticicncy . . 


75 , 

72 

Indicated thennal cHiciency percent 

.'5 .a 

12 

42 

Cotnpre.'i.sitai ratio 

a : J 

1 1 . 1 

1 t : 1 

Air-standard efficienc^v ]n“r cent 

511 

a5 

a5 

Ma.x'ininni pre.s.MU’e, pijinid.s per .•^<)nare inch 
ahsolute 

iim; 

5 1 S 

51 s 

Mean pmshnrc, pnund.s jjcr .stjnaie inch 

san 

111 

100 

Hiakc theirnal ctticiencv per cent 

50-5 

:{2-2 ■/ 

all. 


If th(!*load be redu(a*d to oix- thinl, the icsults are as tollows:—- 


Power 

coiitrf)lh‘U 

hf 


^ • 

(a) hit-aiid-iiiiss. 

(Ii) (jiialiOilivi; go^eniine. 

(fi,) <|Ualritati\'e g(jverniiig jukI 
(r^ (|naq,titatiVO govia-ning. 


reduced scavouge aii'i 
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IJrake horse-power 
Indicated horse-power 


i 

Gas-engine. 

Four-cycle 

Diesel. 

Two-cycle ]4iesel. 

1 

('0 1 

t 

('<) ' 

('■) 

{!>) 

00 

(')»> 

15-5 

15 5 ! 

15-5 

Itf-G 

30 

30 


211(5 1 

1 

124-55 

1 1 

:}2-o 

.58-3 

52-6 

fi^-7 % 

70(J% 

|63-2% 


51-5°^ 

57 % 


44 7 

1 

2R ■/ 

/O 

• 

4S% 

^«.% 


% 1 

31% 

• 

il7-7 % 

2G-4%j 

24-7 % 

27-4 


Kioin the aliove liijuies it will be ween that, fronit the point, of 
view t)f net thermal etiicieiiey, there is l»ut litth* to elioose betwcion 
the eonstant-voluf^ie and constant-pressure tjlM's, but, siuee quanti- 
tiitive.o(»verifing isVat pivseiit the. only practicable method of con- 
trollii>.n‘ ]ar<i;e explosion enj^ines, the efficiency of the Diesel type 
is eonsidei^bly hiolau- on light loa<ls. 

The following results are ccjlected from a series of actual tests:— 


MiiLci's N.ftuu. 


(iilS-l'llgillCS. 


Sv Ins 1 

1.(h:ii- Cross- X.i- 

' Jry. , tiuiiiil , 
Woi ks. ' 


Difsi'l Kiiifint's, ' Dit'sf] Kiigiiics, 


Foiir-cvtile. 


Two-i'jck* 


NninliiT of (‘ylinilcrs 
I l>orf, iiiflu'N ... . . 

! Siroki', inches . 

!j;.l*..\l. 

I'isloii sj)cc<I, feet |ier ininnte 

(.’oinjnession ratio 

.'\ir standard efKcieiu-y iwr ei-nt 
ihake )iors(‘-|lower 
Indieateil }ior,se-po\\ei' ... 

I Mi'eliiinieal eltieieney I'cr cent 
! Indicated thermal ellieumey 
' I’lr ike tliernial eltieienev 


1,1^1 
lO-ti ! IT.-) 1 N 
1(> L'l -I-J. 

:»tK) ISO ' KiC 

two 6U!) 


1 :* 

1 -2 1 .-) 

1 S'L'.-) 22 

:iii3 ; ISS 


.'iSa two 6U!) Si'S (ilW ;-)7() 

— (! :17 :1 .-)■;} 1:1 14 ; 1 | ^ 

r)2'2 ' t!I , (!.") '().') '' <1.-) 

;is-7 rr>-7 SOI)' ;{!» ” -joo 

Tii 2~2 
7.'') ' 73-4 ' 


:i7-J) 

H2 

:47-7 


t4-.-) 
' S7 


:{oi) „'3j ;i 


()T3 1 11 10 


IT) .401) * ' 4:r:J ;'4T7';'. I 

itrs) , i:u * i 32-4 , 30a !; 


'Phe above results show i-learly that, from the ■]ioint of view 
of net thermal effieitmey, the Di(‘st‘l engine hits on full load nt) 
})ronounced advantagt' ovt'r the gas«engiue. The indit'atcvl thermal 
efficieney is, howver, eonsiih'rably higfier than tflat o^the gas-engine. 
Thisi-esult, howcAan-, is only to be exjieeted sg long as it reniijiins neces¬ 
sary ,t<5 devo*te so large a jiortion of tlu' pbjkver out])ut o^the eng*ne 
to the ^ijAply of eompres.sed air. On the gther hand, it has the in- 
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herent disadvantage that it ma}^ under abnormal conditions, such 
as a leaky fuel valve or other cause, be subjec.ted to very much 
higher pressures than the gas-engine. Suppose, for example, that 
(nving to some mischance fuel entered the c.ylinder during the 
suction stroke, jind was vaporized during the (compression stroke 
to such an extent that the cylinder near thh end of this stroke 
contfiined an explosive mixtui’e of air and oil. This vapour would 
be ignited before the top'of the stroke, by tli(' heat of c-onipression, 
and the pressunc which niigJit coiiccivabh' be produced under those 
circumstainces would be in the lu'ighbou'rhood of 1500 lb. per 
square inch. That such a pressure as this would ever }h‘ produced 
in'pra(*tice is Avellnigh inipossil)le. l)ut a momentary rise of pivssiK’e 
•up"to and exc.(‘eding 1000 lb. per square inch is no uncommon 
(Kccurrence in a l)iesel oil-engine, and tin' wliolq structure of the 
engine must be made strong enough safely to wjllistapd such pies- 
sure. It is a common claiiii tliat the J)i(‘sel (‘ngine is free fioni 
all danger of pre-ignition. There can l.)c no greater fallacv.V 
Tlie preceding calculations serve to demonstrate tlnft the full¬ 
load indicated tliermal efficiency df modern internal-combustion 


engines has ap])ioa(died so near to'the ideal cfficieuic}' for each jtar- 
tic.ular cycle, that no very great inqtiovenu'ht caii be hojted for, 
unless some eritii'cly new cycle l)e intro(luced, oi- means he einyjloved 
foi‘ utilizing the heat lost to tin* cooling water and tin* exhaust. 
Since further increase' in the indicat('d thermal efficiency must neces¬ 
sarily be very limited, the attention ol engineers and desigjjcrs must 
be concentrated rather on the elimination of the mc^chanical ajid 
Huid losses. Partic.ulai- attention should be given to the jhstoji, 
wl)ich is th(' ])rinci))a] some*' of mechanical loss, and whose weight 
limits the speed of rotation, and then'fore tin; pow<.'r out-y)ut from 
a given size of engine. 



CHAPTER yill 


• DETJERMINATION OF THE MECHANICAL 

’ EFFICIENCY 

• Ill tlie preceding chapters it has been shown that the indica’tcd 
thcryial clHcieney of a modern explosion engine of hrst-class design' 
is generally witl^in about 86-88 per cent of the "ideal efficiency 
for tbe actinj worl^ing fluid employed. It has also been shown that 
the mechanical efficiency is generally within about 86-88 jiei- cent 
of tlfe total indicated [)Ower. In other words, the scope for inipro\ e- 
iiieiit botli as regards the thermal and mechaftiical conditions is 
about 13 per cent in each ca.'>e. The thermal conditions have lioen 
dealt with at cAnsiderable length, and it has been shown that of tin'. 
13 per (‘cnt losses, heat loss to the cylinder walls aceojints for 
something like*10 per cent, and that any research in this direction 
should b(‘ devoted to eliminating the heat losses as far as pos.sibl(‘. 
At the present time, and with the instruments available in most 
engineering workshops and test ixayns, it is (juite impossible to 
measure the mechanical efficiency of an internal-combustion engine 
^^ith any approach to accuracy, b(a*.ause, altljough the bi-ake horse-. 
])ower can be determined within very line limits, the iildicated horse¬ 
power can only be ascertained by the use of the ordinary pencil 
indicator, which cannot be i-eliod’upon within about 5 [)er cent. 
Xow, a o-ju'i-cent error in th(‘ indicated horse-power may easily 
result in a 4()-p(‘i*-cent error in the mechanical efficiency. AVith an 
optical indicator it is possible to ascertain tlu* fndicated horse-power 
to within about 1 ‘h ]H‘.r c.ent, but such an indicator is to^ delicate 
an instrument foj- tlu‘ ordinary manufacturm-'s test room, and its 
use is practicallv rt‘stricted to experimental laboratories. Te.-^ts 
foi- mechanical c'fficiency are oftun made by driving the engine 
round by means of an electric mittor and flieasiTiing the power 
absorbed, but such tests are of little rea^ value, becau;^^ both the. 
fricthtn and fluid losses are enfindv dilfeiVyit when the gngine is*not 
firing.*. Probably Hie most accurate lyethod of measuring the 
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niochanical efticieney of a multi-cylinder en<Tiu(3 is that devised by 
Mr. L. n. E. IMoise, which consists in measuring the brake horse¬ 
power when all the cylinders sire in normal operation, then cut out 
the ignition of one t'.ylinder and again ascertain the brake horse¬ 
power of the remainder. If 

c 

H, — number of cylinders, 

11 *= total brake hqrse-power when all cylinders ari' tiring, 
h = ^ total brake horse-power ,when 'ti — 1 cylinders are firing, 
I = indicated horsi^-power of eaith c>ilindt*r. * 

• . 

Tljcn T = /<, (B — b), which gives the indicated horse power; and 
• • = mechanical efiiciem-y. * 

I . 

This method is, of course, only ap])l/cable ty miiVi-cylindered 
engines, but it provides a reasonably accniate measurement of the 
mechanical losses, though it does not subdivide the losses or Vive 
any clue as to how they ari; incurred. It is ne<‘dless to [)oint out 
that it is \'ery desirable to find some means of ascci-taining the 
nu'chanical efficiency, for t*wo reasons:— • 

1. Since only the braki* horse-power tan be measuied with any 
rea3j,onable degree accuracy, the indicatc'd iior.st'-powei- and effi¬ 
ciency cannot be ascertained unless the mechanical efficiency is 
known. 

± It is hojieless to atfemp,t. to impro\<* the mechanical t'fficiiuicy 
unless some means be found for ascertaining where and how tin? 
Josses are incurred. 

Throughout this book the author has endeavoured to ealculatc 
the mechanical efficiency (»f the various types of engines descril)ed, 
and for this purpose he has made certain assum)»lions, I’hese 
assumptions are based on the collectixe results of tests that ha\e 
been published fi-ofii time to time. The data availabh* is very 
limited, and it will not be surprising if several of his assum])tions 
re(|uire epnsiderable modification wlien more light has been thrown 
on this im])ortant subject. 

• Of the 13-per-ccnt mechanical losses ju'obably about 3 p(!r cent 
arc accounted for })y tluid lossefj; that is to say, by work done on 
the gas(;.s in drawing them into the cylinder and expelling them. 
Strictly sjieaking, these^ are not rnecJianical ]os.ses, but they ai'c 
always classified under j^fiat hea*l, bind sinc(3 their magnitude is 
dependent ujjon the size and opeiation of the valves and* other 
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essentially luecilianical conditions, tliere is some justification for so 
classifying them. The loss due to bearing fric.tion probably does 
jiot, as a rule, exceed about 3‘0 per cent of the total indicated power. 
The remaining 7 per cent is apj»areTitly due to piston frie.tion. 

flealing witli tliese items one })y one; provided ther(‘ is no undue 
restriction in tJie e.fhaust or inlet pii)eH, the power absorbed in 
charging and diseliarging the cylinder de,])ends updii the velocity of 
the gases through the valve-s, the larger •the valves the. lower the 
vMoeity and the sniiiller the loss from this source. In aw explosion 
engine, however, it is desiiable that the velocity of the enterii^ 
gases shall be fairly high, in ordei * that the charge within the 
cylinder s?jall be- iji a state of violent turbulence, a cfmditimi es.sdn- 
lial for lapid and complet.e combustion; for this reason very laTge* 
inlet'valves cannot be emp]oy(‘d with advantagi*, for* the saving in 
]nimping los.s^is nroiv than countejaetefl i)y the loss of efficiency due 
to incomplete eomdustion. In practice it is generally foujnl that 
th(‘ "ije.st all-round rc*.suits aie obtained when tlu* velocity through 
tin* inlet •valves is between 100 and 130 ft. ])rr secoJid. These 
ri'strictions do not a}>}>ly to tVe exhaust val\’e. but in this case a 
higher velocity <'an be safely emffioyed, b»»cause the higher pressure 
of the exhaust gases*at the moment of lelease creates .so high a 
velocity in the •exhaust pipe, that a certain amount of .scavenging 
takes ]>lace owing to the inertia (»f the gase.s. Also, it is de.sirable 
to keep the diameter of the exhaust valve* as .small as po.s.dble, for 
three reason.^:— 

1 . This valve has to be lifted against a comparatively high 

tiie.ssiire, and since it is unbalanced, a .severe .straiji is thrown upon 

^ # 

tin* valve i>(*ar. • 


2 . The valve* is geiie-rallv miceude'd, anel is he-ated by the exhaust 
gases whie*h pass rouinl it’at an exceeelingly high velocity. It can 
only get rid of the* heat im})arteMl te) it by eonelne'tion down the .stem 
eu' through the seating. If the eliamete*!' e)f the .valve is large*, elis- 
tentiem is liable to take place, and therefore lealiage, 

3 . I’he valve, being unceafied, is liable te) a’ttain so hi^h a tem¬ 
perature as te» cau.se* premature ignitieui. 

The.se* re*.strie-tie)n.s elo ne)t applv in the* ca.se of water-e*e)oh*il 
e'.xhau.st valves, but such valve's are .see e-umbmus anel .sy liable to 
‘ give* trouble, ehu* to leakage* e)r failur** e»f the* \)«uter yire*ulatioh, that 
they are never emple))'e‘el exce*pt when ab.seelutely nece.s.sarv. 

Ilk the ^-a.sc) of Die.sel e*n''hiers a leiwtr inlet vele)e'ity ce)ulel*no 
doubt J[/e ein[)loycel, for the neces.sai'y turbulence is pre^due-ed large'ly 



104 


THE INTERNAL-COMBUSTION ENGINE 


by the high velocity of the blast air entering witli the fuel. But 
in these engines, owing to the necessity for distributing the fuel 
thoroughly and uniformly throughout the combustion chamber, it 
is essential that it shall be as compact as possible. This means that 
all the valves are In practice, congregated together in a flat cylinder 
head, and since there are four valves in all, including an air-starting 
valve, it is clear''that none of the-m can be of large diameter. Eor 
this reason the gas velocfties in Diesel cngiu(‘s are generally higher 
in proporlyjii to the piston,speed than in explosion engines. *' 
If the same quantity of gas enteied the cylinder at e\’ery 
cycle irrespective of the velocity through the ^'alvcs, then it is 
oltar that tlu' work done upon it would be pio})ortiohal to tiie 
• sqtiare of the velocity, and that therefore the fluid losses would 
increase directly as the S(juare of the speed, ^n ]»raetice, how¬ 
ever, with a given area of ^•alve oi)eni«g the volumqtrie efficiency 
will decrease as the velocity is increased, because the ])ressure 
difference between the inside and the outside of the cylinder is 
relied upon to force the gases in. This pressuie diften'dee is com¬ 
paratively small, theivfore the fluid losses do not increase as the 
square of the s]H*ed, but* as some* function of it which has y*‘t to 
be determined. to the present, time v(‘ry lit’th' in\'estigation 

has been carried out, and there is liardl)' sufficient data available 
to determine what this function is: moreover, it is not dependent 
upon the cflective ar<‘a and velocity a]on(‘, but als<t upon what 
niisiht be de.scribed a^ the nozzle coefficient of tlu' oi’ilice through 
the valve. For example, a cii-cular or rectangulai’ port will ])ass 
something like double the (luantitv of gas foi- the sanu' eflcc.tive 
area and [uv.'rf'ure ditfenmci' that an ordinal}’ poppet vabe will jia.ss. 
Again, pop])et valve.s which ojkmi directly into the main body of the 
combustion s])aee will pa.ss somc‘ 20 })er cent nuu’c gas than those 
which ojien into a side pex-ket. 'Plic whole (juestion of flui<l loss 
during tin* punqujig strokes leqiiiies thoiough in\cstigation, and 
such an invcstigatiifUi of this subject would be of gi-eat \alue to 
de.signers, since it would enalde tlnmi not ojil}' t<» reduce the fluid 
losses which are already c.oinjiaratively .small, but also t.<' increase the. 
Ajolumetric eftic.iency. which is of much more importance. The curve, 
fig. 22, illustrates the fluid los.ses in tei’ins of the B.II.l*. at vary¬ 
ing speeds; the, lo.s.s(*s in this case were mt'asurtxl directly by means 
of an optical indicator while the engine was running under full load, 
and is one of the very I'e'vv jiublikht'd t(*.sts in which this ha^! j)een 
done. The* engine u.sed for these tests was a very .small otxc, onh'’ 
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3j% in. bore bj 5-^ in. stroke; and, unfortunately, the dimensions 
and lift of the valves are not recorded, so that no data can be 
deduced beyond the general shape of the curve; too much reliance 



out on various engiiios, uio.stly .small ofioiiies of flie lii^jjh-sjH'od type, 
by diderent ex])ei inu“nters. The horizontal ^-eadiiigs are ii; terms of 
the V4'lt)city through the valve.s,*aml, a.s is*nsiial, tho.se re(*koned 
on the V.s.suinption that the voluniotrie edjeieucy is 100 per cent. 
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iind tliiit tlie valves are held fully open throughout the entire stroke. 
The vertical readings give the power absorbed in pumping in terms 
of pounds per square inch of piston area. The curve is obtained by 
calculating the actual velocity of the gase.s through the valve from 
the figures given for the volumetric efficiency, and assuming that the 
fluid loss is projjortional to the s(]uare of the gas velocity. This 
method,gives tin' fiuid loss during the suction stroke only, the fiuid 
loss (luring the exhaust stroke can only be guessed at; as a general 
rule, with bqual-sized va]ve((. the ('xliaust l)aek pressure is about half 
Uie. suction pressure, and this has l)(;en assumed to be the case in 
computing this curve. It has also been chetked by comparison 
with a large numb(‘r of light-spring indicator diagrams. It must 'be 
ch^iily understood that a ('urve such as this can only be regarded as 


approximate, and is otferi'd only in lieu of more .reliable data from 
actual measun'raent from a number of ditferept enspnes; also, it 
is, of cour.se, only applicable to normal conditions, and might be. 
verv wide of the mark if, for in.stan(‘e, then? wei-e anv serious 
(‘xhau.st back pro.vsui-e. or if the jhpework were* so arranged as to 
otfer any .serious resi.stanci* to tlie free; pas.sagc of the inlet and 
exhaust gases. ' * 

^leasuremi'iits of the fluid lo.sse.s when an engine is being motored 


round are of little or no value, because: 

1. The woik done on the gases during compre.ssion is not 
returned in full during the expan.sion .stroke; heat is given up to 
the cylinder walls and is n(?t all returned. 

2. The exhau-st back ])res'iure is very mucJi gresater, bccau.se 
there is no pre.ssure jn the cylinder when the exhau.st valve is first, 
(•pened, andconsequently no kinetic energy is available to help 
withdraw the exhaust gases. 

For both the.se rea.sons the fluid los.ses, as measured by motoring 
the engine round, are far too high. From the above con.siderations 
it would appear that, .so long as the turbulenc^e nece.s.sary foi‘ rapid 
combustion is produced by the high velocity of tln^ entering gases, 
the.^e flpid lo.s.ses arc not su.sc.cptible of any great imj)rovement; 
but they can be .somewhat reduced by (;areful de.sign. both of the 
•pa.s.sages leading to th(* _\alve, of the valve opening itself, and 
of the walls of the cylinder surrounding the valve, with a view to 
improving the nozfl(‘. coeflicient. 

It is ^quite conc.c.iva|)le that the nece.ssary turbulence might be 
]>i’oduce.d ^uring the, couipres.sion stroke, as, for exam])fo, by •forcing 
the air or ga.ses into a bjilb with a lestricted neck, as is doi?6 in the 
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case of some of the semi-Diesel engines, but from the point of view 
of the fluid losses tliis is only transferring the negative work from 
one idle stroke to another. Again, it might be produced actually 
at the moment of ignition by allowing a portion of the gases to 
pass into a small pocket communicating with the*cylinder through 
a narrow neck; if ignilion be commenced in this pocket, the rapidly 
expanding and burning gases issuing from the neck*will produce all 
the turbulenc(j that is required in the main* body of the combustion 
spa('(‘. If this is done, very much lai-gea- inlet valves cam be em¬ 
ployed with advantage, and the fluid losses considerably reduced.^ , 
For the purpose of calculating the fluid losses, the curve, 
fig* l23, has* V)ecn •made use of throughout this book. , * 

FoV coTivenieiK'C of calculation, the fluid and other losses have 
Ihhuj expressed in ^lost cases in terms of pounds per square inch of 
j)iston area in preference to percentage of total l.H.P., which v^ould 
* vary according to the mean efl’ective pri'ssuie. 

Ef^aring Friction.—ITnder this heading is included not only 
the frictioi^of tlie. main bearings, but also that of the camshaft and 
tin* power absorbed in operating the valves and driving such 
auxiliaih's as magnetos, &c. * • 

The Ix'aring friction, as distinct from piston friction, cannot very 
well be asceitaiufd while the engine is in operation. Ba' the use pf 
an acegarate optical indicator it is possible to ascertain the total fluid 
and mechanical losses with a Aei A’ fair degree of accuraev, and also 
to determine the fluid losses separately,,so that the total mechanical 
losses can be aiTi\’e<l at. but it is not possible to subdiA'ide these. 

The ouIa’ method of ascertaining the bearing as distinct from 
the piston friction is b\' motoring the engine round with the pistons 
rcnioA(‘d; this giA-es too Ioav a figure, for the folloAving reasons:— 

1. 'J lie removal of the pistons iiiA'oh’es th(‘ removal of the con- 

nccting-i'ods also, and hence the bearing friction of the connecting- 
lods is not included in the total. • 

2. The remoA’al of the ]iistons iiivolA^es thi* femoval of all load 
<»n the bearings due to the fluid pressures and the inertia, of the 
reciprocating pa rt s. 

The exhaust A’alve is not ojiened against pressure. * 

In the case of single-cylinder sjjiav-running engines the mean 
l<>a(l on the bearings, due to the Aveigh^ of the flA*-Avhe»l, is generally 
considerably in excess of the mean fluid^ ami inertia pressures 
througl»L)ut the cycle, and thcreflnv the rcihpval of the pistons do^s 
not gre«^dy affect the accuracy of this inetliod of determining the 
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bearing friction. In high-speed multi-cylindered engines the fly- 
wlieel weight is small in comparison to the mean fluid and inertia 
pressures, hence the degree of accuracy is much lower. For this 
reason more weight should be given to those tests which are carried 
out on single-cylinder engines. Also, owing to the use of a much 
heavier fly-wheel, the bearin 
single-cylinder engines. 

Professor lliedler has cariied out some very inter('sting investi¬ 
gations iii Older to discover the ]>ower absorbed in operating the 
j’alves while, the engine is running under uorinal full-load con¬ 
ditions. For tliis purpose tlu' camshaft of tlie engine, was driven 


g friction is considerably greater in 



Fij} 24.--i’owoi aksorbi’d by N’lihi'Ct-ai :it Varjiiij; SiM-eds—Adb'J Jiiigiiic, .‘5r> ll.TI.P. 


indejieiuh'iitly by an, electric motor, and tli<‘ driving chain (‘onnect- 
ing the craiik'shaft and camshaft was einployeil onl\' to ensure the 
collect relative motion of the two, but not to transmit any jiower. 
This was accomjdi.shed by so ad justing the ]>ower of tin; motor that 
the driving chain was slack on both sides, d'he investigations were 
carried out on a small four-eyliiulered jietrol engine running uiuler 
full loail and at vhrious speeds; the valve gear of such an engine 
will al^orb more jiower than in the casij of most other types of 
internal-combustion engine, because owing to the high speed, tin* 
"valves are relatively much larger and the \ alve springs much stifl'er 
than usivd. I'lic results of thciinvesligations are given in tlu' curve 
(fig. 24), from* whicih it will be seen that tin* power absorbed by the 
valve gey.r varies .almost directly as the speed. In this case, however, 
if appears^ that the po\yer absorbed in driving the auxiliarfe.s, e.on- 
sisting probably of a magneto and oil-circulating pump, was> included 
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lu tliat of the valve gear, for it appears from a photograph of the 
engine tested that these auxiliaries were driven from the eamshuft. 

The curve (fig, 25) shows the power absorbed in bearing friction 
and valve operation of a six-cylinder Pierce - Arrow engine, in 
terms of pounds per square inch of piston area, as ascertained by 
Mr. Herbert Chase at the New York Automobile Club’s Jiaboratory. 
lu this ease the pistons and connecting-rods w'ere removed, and 
tli(*. engiiK^ motored round by an electric motor at various speeds. 
Tins engine^had a very small Hy-Vheei, so that the result^ obtained 
will be very considerably below the true figure when the pistgng 
are replaced, and tlrt* engine running nndej- normal full-load eon- 
dirions. (.)n the‘other hand, the bearing friction jn this case 

• A 



includes the power absorbed in driving, not only the magneto, but 
also the. oil and water circulating pumi)^. 

Professor llopkinson, in his tests in the laboratory of (Cambridge 
lb^i^■ersity on a Crosslev gas-imgine having (Uie cylinder 11'5-in, 
bore and 21-in, stroke, with a normal speed of 180 RrP,M,, found 
that the loss due to bi'aring friction and valvi* operation amounted 
to 2'7 i)er cent of tin' total indicated horse-j>ower. This engine had 
two heavy fly-wheels, andreliisl ujkui ring lubrii-ation of the bearings, 
so that tlu' bearing friction would be above the av^-rage in this ease. 

Mr. Pomeroy, in his l(‘sts tui a four-cviintl^r Vauxhall racing 
petrol engine- of 4 bore and 5'5 stroke, found that tl^. total 
power requin'd to overcome lu'aring friction and operate the valves 
when the, pistons and connecting-rods were removed amounted,* 
at a speed of o700 K.P.M., to apprc 4 \iinately 4 horse-power, eipial 
to about 3 per »x‘nt of the total I.Tl.^k at this*spee«l, or to about 
3 lb. per square inch on tlie [)iston. Thjs test is of particular 
intere^fst* becAu.se the speed of'rotation fs. exceedingly^high, y?t 
the beafing friction has not risim to any serious extent above that 
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obtained in tests of similar engines at comparatively low speeds. 
In this engine the power reejuired to 0 })erate the valves would bo 
abnormally high, beeaiuse not only were exceedingly heavy springs 
employed, but ej\ch cylinder was provided with two inlet and two 
exhaust ^'alves, so tliat the ]>owei’ absorbed by the valve gear would 
be nearly doublj*, that in Ihofessor Jiiedler’s tests. 

W’^ith the exception of Professor Kiedler’s investigations into the 
power absorbed l)y the valve gear, all the above tests were carried 
out with the ])istons and cOiinecting-rods lenioved, and therefore the 
leadings obtained are all ])elow the true figure, how much below it 
i^ not })(»ssil)le to say with any degree of accuracy. Professor Ilojikin- 
soii, however, has states] that he has found that the friction loss in 
the cast^ of the .single-cylinder engine is practically constant under 
all conditions of load. Jt is fairly clear that under these conditions 
of testing tlu‘ operation of the normal A alve g«‘ai’ amounts t,o about 

per cent of the total losses undei- this heading, and that the 
actual befiring friction alone does not exceed about (jtt per cent. 
The actual figure de])ends both uptni the type of bearings, system 
of lulu'ication, and weight of the.fiy-wheels. 

Thes(‘ figures .serAU*. to show that the loss.due tb b“aring friction 
is in any case extremely small, and that it is not Avoi-th Avhile 
devoting much attention to its furtlu'r reduction. It is of far 
more importance- to ('iisure. that the bearing surfa(‘es are ample 
and efficiently lubricatcM.l. It is (dear that tin* adA'antage to be 
gained by the substitutiem 'of ball bearings is a trifling one from 
the point of vi(‘AV of mechanical efficiency; their real ad\antagc- lies 
in the fact that they ivijuire V(‘ry little lubrication, and in small 
engines at all CA’cnts, where the loading is often scvcia* and the area 
restricted, ball bearings are c-onsiderahly more reliable, a?id Avill run 
for much longer periods witlujut re([uiring adjustment or renewal. It 
is also fairly clear that the fi'iction undei- this Invading does increase 
wdth increase of .speed, but the increment is .small, and sincis the total 
friction lo.s.ses inchuh'd under this head are Aci-y .small, the increa.se 
may fon-coriAumiencc of calculation be neglected. It will, therefore, be 
aiiproximately correct to assume that in all normal engines the pro- 
'portion of the total l.Il.P. ab.sorb(‘(l in overcoming bearing friction 
and <)})ernting the A’al\'cs and auxiliaries amounts to betAveen 2 and .“{ 
per cent of the' tf>taf I.II.P., ahd since in ea(;h of the te.sts (quoted the 
noi nial mean juc'ssure (jf the engiiie is a])[)roximately 100 b). pen- .s<|uare 
inch, it fo^ows that tin* ]o.ss(*s are e(]nal to m mean ]))(‘.ssur(‘ on'tkc pis¬ 
ton during the power stroke of between 2 and ti lb. per .s<ju/irc inch. 



CHAPTER IX 

.PISTON FRICTION 


Piston Friction. -As a genera] rule, piston friction eofi- 
stitutes 1)}' far tlie^largest item in the list of nieelianieal losses. 

The. immecliate and diree,? cause (tf the piston fiictiou is probably 
•the shearing of the oil film foi’iiied between the eylinder and piston, 
and lit* j)ower absorbed is dependent upon the thickness of the film, 
the viscosily of the oil, the area^ and the s])(‘ed. • 

The coefficient of friction between the cylinder and piston is very 
much highci'^thini that of the bearings, and this probably is to 1h‘ 
accounted for:— 

f 

1. l»v the reduced su[)ply of lubricant as compared with the 
beariilgs. 

IJ. Th(‘ thickening of the lidn’icant due to partial carbonization, 
which greatly inen^ases its resistance to*shear. 

1. If the supj)ly of lubricating oil to the piston be profuse, then 
a ('.onsideiable })roportion of this oil will find its way into the com¬ 
bustion space, where it will })i‘oduce pre-ignition, both dii’cctly and 
indirectly. Directly, bv coming into contact with some highly- 
healed ])art, such as the exhaust valve, and being "cracked ’ or 
broken down into lighter ami chemically unstable fractions ^\hich 
will ignite at a lower temperature than the w®i4ving Huid; and in¬ 
directly, by forming a deposit of carbon on' the walls ^of the 
combustion chamber and ])iston, which, being a })oor conductor of 
heat, reaches a sufficiimtly high temperature to s(‘t U]) tu’e-ignition. • 
(hving to the high temperature attained by the hcijd of the 
piston, a certain proportion of the lubiiicant is bmind ^o be partially 
carbonized, and so thickened. In engines ^employing licjuid fuel, 
unless combustion be alwoluteh'com])lete*and ])recipitati(Ui of tile 
fuel on ^le walls of the cylinder completel}’ eliminated, a portion of 
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the partially carbonized fuel oil will mix with the lubricant, and so 
thicken it and impair its lubricating properties. Further, the film 
adhering to the walls of the cylinder barre.1 is, at every cycle, 
exposed to the full flame temperature. 

In order to prevent carbonization as far as possible .an oil 
must be employed which will withstfind a high temperature without 
decomposition; ’such an oil has a very high viscosity and therefore 
a high resistance to shear. 

From''such experiments as have been made on piston friction, 
jt _ appears that this varies nc.arly as tlie square of the rotative 
speed and directly as the piston speed; that is to s.ay, the piston 
friction of an engine with a 2()-in. stroke running .at 200 R.P.M. 
vfould be doubled if the stroke were incrciised to 40 in. with the 
same rotative speed, but if the rotative speed, were increased to 
400 R.P.M. and a 20-in. stroke retaiued, then the ..piston friction 
would be nearly four times as great. 

Now, if the thickness of the oil film were constant, the rea stance 
to shear would .presumably be proportional to the pjston speed, 
whether this were varied by incr(>asing the rotative speed or the 
piston stroke. 

The thickness of the oil film is, liowcver, dependent upon the 
pressure between the surface of the piston and th.it of the cylinder 
walls. The pressure of the piston against the cylinder for .a, given 


r.atio of connecting-rod to crank ^ is dei)ende)it u])on the fluid 


pressures in the cylinder, and upon tlie inertiii prt'ssure. The 
fluid pressures remain approximately constant over ;i wide range 
of speed, but the inertia pi-essures vaiy as t lie s([uare of the rotative 
speed, and directly as the piston speed. Now, .as a general rule, 
most four-cycle intcrnal-ciombustion engines run at such a speed 
that the inertia pressures exceed the fluid pressures when 
both are averaged over the whole cycle, .and therefore piston 
friction depends mainly upon the inertia pressures, and increases 
as they increase; that is to say, other things being equal, the 
piston friction is mainly dependent upon tlie weight of th(^ recipro- 
«eating parts. 

Clearance of Piston. —Jt is very desirable to keep the clear¬ 
ance betw(‘en-whau may be termed the cross-head portion of the 
piston and the cylinder walls down to the lowest possible limit 
cbnsistont with leaving provi.sion for expansion .and distortlop. If 
an unduly large clearance is permitted — 
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1. The noise set up due to the piston crossing violently from 
one side of the cylinder wall to the other may he very serious. 

2. Any tilting or other movement of the piston is objectionable, 
in that it causes the rings to slide in theii- grooves, and so induces 
wear. 

3. When the ring or ring-grooves become w^oru there is danger 
of the burning gases passing down l)ctween tlu; cross-head portion 
of the piston and the cylinder walls at a r'lte sufficient to scour off 
most of tl^e lubricating oil and carbonize the remainder; thus 
causing greatly increased piston friction, and even actual seizurg 
under extreme conditions. 

• A very small ‘quantity of gas leaking past the pifjton rings, *f 
allowed to pass down between the trunk and the cylinder walls, 
will v(‘ry soon eaiJ[)onize the oil to a degre(*. sufficient greatly to 
increase the ifriction, even •though the quantity of gas lost by 
* Ic'akaj^e may be insignificant from the point of vi(?w of power or 
efficiency. ^ It would seem desirable always to provide a free vent 
for any gases which pass th(‘ piston rings; this «»an be done very 
easily b}' tinning a gioovi' round the outside of the piston imme¬ 
diately helo\^’ the bottom ring and allow'lng communication with 
the atmospJicre by drilling a. nnmlicr of holes in this groove tlirough 
file walls of tlih piston. When this is done the leakage of g;as 
heconies more audible even wlien the rings are fittinu’ well, though 
it is doubtful whether the aetnal (juantity which eseaiies is any 
greater. Fxpericnee has shown in m^ny eases that tin; reduction 
ludh in fri(;tion and in the (jnantity of oil working past the rings 
into the combustion ehambiT is verv marked, and the resnltintr gain 
in j»r»vvev and economy certainly more than outweighs’any possible 

inercas'* in Jeakaire, 

), • 

All these considerations piesiqqxtse that both the piston and 
‘•ylinder are truly circular, and remain so wli(*n heated. In practice 
tliis is not the case, and a certain amount of*<listorlion always 


occurs. In tliosi' engines in which a separatt**liner is employed, 
which is simply a jilain cylinder of uniform thickness, thegimoniit 
of distortion is probably inconsiderable. Distortion of the piston 
is generally due to tin* gudgeon pin bosses, which locally spoil tlie* 


symmi^try of this part, and also it is in part due to the gudgeon ]>in. 
which is necessarily a tight fit in tlift bosses. •'I’lie'cvil effects of 

•f KJ 

such distortion can be largely avoided by cytting away (<r,relieving 
the sidfs of fhe pi.ston in tin* mughbonrhood of the giulgyon pin. so 
that aif^' distortion which may occur will jiot cause the piston to 



114 


THE INTERNAL-COMBUSTION ENGINE 


bind in the cylinder. This does not reduce the available bearing 
surface, because the luatei-ial is only cut away at the sides, and not 
on the working faces. 

It ap])eai-s evident that slackness of the rings in their grooves 
is one of the most fruitful causes of the pa.ssage of oil into the com¬ 
bustion chamber. On the outward stroke of the piston the rings will, 
owing >n [)ai-t to friction against the cyliiulei- walls, ami in part to 
inertia, bear closely against the u])p(‘r faei's of thm’r grooves, leaving 
a gap belbw their lower kices which will be partly lilled with oil. 

the piston changes its tlirection at the end of the outwartl sti'oke, 
the rings will change over and ])ear against the lower faces of their 
grooves, and a large pi-o]K)i-tion of the oil eAj)elied bv this move¬ 
ment will pass behind the jings into the up])er space. In this 
manner at evi'ry reversal of the ])iston a substantial proportion oi‘ 
the oil in the ring-grooves will be puiiiped up ])ast ^the rings, and 
so progressively into the coml)usti(»n chamber. However closely 
the rings may be fitted, this action takes jdace to some «‘xtei?t, but 
the <|uantity of njil pumped dc}>eiuls vi*ry largely up(m the side 
clearance of the rings, and is almost imh'pendent of the number 
employ(‘d. It would ap])ear that if free vmits wej-e jnovided at the 
back of one of tin* rings by drilling holes through the bottom of 
tli.e ring-groove, oi)en to atmospheie or to the crankcase, a consider¬ 
able proportion of the oil would ('sca])e through tln'se vejits instead 
of passing up into the coudmstion chamlu'r. So far as the author is 
aware this method of checkitig the passage of oil into the, combustion 
chamber has not yet been ti’icd. 

'fo sum up, it seems fairly e^•ident that to reduci* ])iston friction 
to th(‘ lowest ])ossible limit tin* cleai-ance should lx* ke]>t as sm.dl as 
is consistent with the distortion that may take place. Unh'ss tin* 
supply of lubricant be copious, and means be ])rovided for p(*r- 
iiiitting of the fi-ee escajK* of any guses tlnit may ])ass the piston 
rings, the evils and dangers attendant upon considerahle clearance 
greatly outweigh tfte advantag(*s, for what is gained by the use of 
a thicker oil film is more than f»utweigln*d by the greater con¬ 
sumption of oil, the greater rcMstance, due to carbonization t)f the 
•lubricant on the piston walls, the inon* ra])id earhonization of the 


combustion (ibainber, and the risk of scoring and sc'izing. 

'I’he above* remhrks refer''oiily to the ch*arance b(;twe,en what 


may be (^escrilaaJ as tl^e erosshead ])ortion of tlui piston and the 
cylinder w^ilis. That portion above and IxtLween the'pistoli-rings 
may be allowed much gt,'catcr clearance, l^ecansc its only furattion is 
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to maintain the piston rings in place; and since it is very much 
hotter greater expansion and distortion take place. The clearance 
allowed in this i)ait should be sufficient to ensure that it does not 
come in contact with the cylinder walls under any conditions, for 
the temperature of the metal is so high that it is not possible 
to lubricate it. It is gcmerally found that whatever clearance is 
permitted a}>ove the rings is rapidly filled up with a deposit of 

h^rd carbon - - this carbon, however, shows little or no tendency 

to score tl^e cylimlei’ walls. Silice theiv is always a between 

the ends of the ])istou rings it follows that the greater the clear{in<ie 

between the piston *and cylinder walls the more is this gap exposed 
and the gi'(*ater t*}ie leakage. It is therefore desirable.to alhov only 
just much clearance as is necessary to ensure that this part of the 
piston shall not gome into actual contact with the cylinder walls 
when cheated•!(> the highes’t working temperature; for this reason 
it is.yreferable to machine the diameter of this part in ste])s pro¬ 
viding; tlge. maxiniuin clearance above the first ring where the 
ti'tnperature is at a maximum gnd reducing it progressively between 
the rings. 

Effect pf Temperature. —It is alnfost invariably found that 
tin* piston friction is retluccd in a very marked degree as the teni- 
jiei'atun' of the’c}'lindei- walls increases. If, as may be suj)po.sed, 
the friction in an) given engine is dependent upon the viscosity of 
the oil, then it follows that this will be reduced as the teni})erature 
rises and the viscosity decreases. Tjje curves (fig. 26) show the 
differi'nce in the mechanical effieicuicN' of a small foiii’ - evlinder 
Daimler engine with dillerent jacket temi>er;itures. Since neither 
the fluid nor the bearing friction can be appreciabl)’ ati’ee.ted by 
com])arativelv slight (diangys in the wall tcnn»(*rature, it follows that 
the higher mechanical efficiency at the higher jacket temperatures is 
due soh'ly to I’cduction of ])iston friction. 

Professor IIo]jkinson in his tests on the Cros^ey engine, already 
alluded to, found that the piston friction \ aricAi* from 16 per cent of 
the l.Il.P. when the jacket temperature was 70° F. to 6T*per cent 
when it was raised to 1 80°. 


Coefficient of Friction. —When /he actual pressure of the 
piston on the cylinder walls due t« the angular thrust of the <* 011 - 
neeting-rod is cDnsidere«l, it will be ITniml to amounf to only a very 
low figure, and it is somewhat ^.surprising that the coyffieient of 
frictiioli should be so high. 1’he explanation appears to.be that the 
lubricHlion of the oixlinary trunk piston more or le.ss defective; 
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this is probably due to the carbonization of the lubricant. Such car¬ 
bonization is no doubt caused both by the passage of a small quantity 
of highly heated gases between the cylinder and j)iston walls, and by 
the high temperatures of the upper part.s of the piston. In the case 
of oil-engines, and especially those in which combustion is not very 
complete, the lubricant is largely adulterated with partially-burnt 
fuel oil,,and the coefficient of friction increased accordingly. If the 
cross-head portion of the piston be made separate from the piston 
head and kept cool the friction cah be ieduc-(*d (‘normously, for in 



Kij{. ‘JCi. —(iurv,.> sJjowiii^' !\Iocliiniiciil Lossi of n;iirii](.T Kii^nm at Vaiious Speeds and 

.Taekei Teiri|iiTat.Hr( s 


tliat cast* this portion c}iii be profiiscl\’ lubricate<l without anv fear 
of the oil becoming carbojiized. and since tJie lubricant is not sub¬ 
jected to liigli tcni])cratures a verv much thinner oil can be safely 
employed. Exj)eriAi*ce with double-acting engines employing an 
external,cross-head has shown that the piston and cross-head friction 
combined is generally only about half that of an ordinary trunk 


piston. , 

As])roving that und(‘r normal conditions the lubrication of trunk 
pistons is defer-'Livc. Vrofessor Ilopkinson and others liaxc carried out 
experimepts showing that if tlie pistons be ]>rr)fusely lubricated with 
a mixture pf oil and wat<*r, <ir if tin* lubricant be thiiined by. any 
other means, tin* piston fi iction can be reduced to little nnw’c than 
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one-lialf <)f the normal, but these conditions persisted only so long 
as a copious supply of lubricant was employed, and could not be 
maintained under practical conditions of working. The actual 
figures obtained were as follows;— 

Normal pi.stoii J!rictioii G 1 pur cent of I.H.P. 

With excessive lubrication with oil 

and water ... ... ... .*M about. 


' Tliis cxjjeiiinent can Ix' demonstrated in tht' case ol* any gas- 
engine c,ontrolled by liit-and-miss governing, in such an eng^ing 
the meclianical (‘flichmc}' can be gauged to some extent by noting 
tilt* jiroportion of’explosions to misses when running light. Uink^r 
iionnal conditions the proportion generally is about 5 or G niissfi/es 
to I'aeli explosion; ^if, now, an emulsion of oil and water be admitted 
through the atr inlet valve,*it will be noticed that the proportion 
of iiiisstires will iucrease to about 7 or 8 : 1, showing that the 


iiiecluKiicai elli(m*ney has been improved, and this will continue .so 
long U.S the supjily of emulsion^ is fed into the cylinder. From the 


very few pnblislu'd experiments in whicli any attempt has been 
made to aseindaki the eo(*flich*,nt of ])iston* friction of an engine, it 
a])j)c:irs that under normal conditions as to clearance, lubrication, 


and temperature, and with a ratio of coniieetiiig-rod length - = 0 , 


the coetheient of friction amounts to approximately 3 per cent of 
the total pres.sure on the. head of the piston, referred to the jiower 
stroke only. These exjierimcnts, however, have all been carried 
out on either gas or petrol engines. In engines using oil fuel 
there is evidence that, owing to contamination of the'lubricaut by 
partially-burnt fuel, the coetHcient of friction is considerably higher 
than this. 


Constant Friction. —The friction of the cross-head portion of 
the piston varies very nearly as the sejuare of tho speed and a large 
number of otli(*.r couditious, but tliere is a eertam^arnount of coustant 
friction due to the pressure of the piston rings'against the cylinder 
walls. This source of friction is dept‘ndont upon the stiffness of the 
piston rings, and so long as the rings are free in tlteir grooves it is» 
apparently nearly independent of thp speed or any other conditions. 
There is a good deal of misappreheasiou as it) tin* proportion of 
piston friction due to the piston rings. As a^g(*neral rule, it does not 
amount to ifiorc Ilian about 0‘3 if). ])or square inch of |jiston ar^a, 
and is fkfton even less; provided, of course, that the engine has run for 
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a long enough period for the working faces of the rings to be 
thoroughly bedded in and polished. The approximate value can 
easily he ascertained in tlie case of small pistons, by placing the 
piston with its rings in the cylinder, and noting at what angle of 
inclination to thd horizontal it will slide down the cylinder barrel. 
If the weight of the piston ami the angle of inclination are ascer¬ 
tained,^ the pressure per square inch necessar}' to overcome the 
constant friction can lx* arrived at. In oil-engines both of the 
vaporizing and semi-Diese] type, there a})pears to be a considerable 
jpnount of “gumming” of the piston rings due to partially-burnt 
fuel, and there is some reason for supposing that this greatly 
increases the friction of the piston rings, and thei'cfore the constant 
friction due to them. 

Area of Bearing Surface. —The area of tjhe bearing surface 
of the piston has a (•on.sideral)le influence on the jhstc^u friction, and 
here again opinions differ very greatly. It i< g(uierally argued that 
the greater the surface the less the load j>er squan* inch, and.<khcre- 
fore, the less the.wear of both the piston and cylinder wills. This 
certainly appears an obvious argument, but it is nevertheless opiui to 
question whether it is akogether a sound one. To begin with, the 
greatest average pre'^sure, except in unusually slow-rimning engines, i.s 
that due to the inertia of the reciprocating pai t^. Now. any increase 
in the bearing surface beyond a certain limit involvi's a cori'e.s^ioiid- 
ing increase in the weight r»f the piston, for although it may be 
argued that the increased bearing surface can be rtbtaincd by merely 
iijcr(*asing the length of the ."kirt of the ]»i‘^ton, yet foi’ this e\ti‘a 
surface to be of any value the >kirt must la' stiff'em'd to obtain 
absolute rigidity to such an extent that the inei-easi* of weight is 
almost proportional to the increase of surfaci'. If this be the case, 
and considering the inertia forces onlv, it is clear that the sole effect 
of increasing the surface ha^ bc'cn to increase tlu* total ])ressure, the 
pressure per sqiuye inch remaining the same. The wear on the 
piston will b(; the«.Yame, but that on the cylinder walls wdll be 
greater,^for the we'ai- of the latter is depemlent upon tin* total 
jiressure. Hence, (ronsidering the inertia forces alone, tin* net result 
<)f incieasing the beai ing surface by lengthening the jiistmi W’ill be 
to increase both the piston friction and the wear of the cylinder. 

When tlie fluid vind inertia pressures are rec,k(«icd out in tlii'ir 
tru(! proportion, it will ofti'ii be found that any increase in bearing 
suVface obtained by lengthening llu^ piston will result'in a Keyious 
increase of the piston friction due to tlu; greater area of tlie fwl film. 
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110 very material reduction in tlie pressure per square inch of 
])ea.iing surface, and a considerable increase in the wear of the 
cylinder walls. That is to say, all that has been accomplished by 
so increasing the bearing surfac-c has been to transfer the wear from 
tht' piston, which is c.omparatively (duiap and easily renewed, to the 
cylinder, which is in«5re expensive and much less easily renewed, 
and a considerable increase in the piston friction •brought about. 
The whol(5 question of bearing surface fr®m the [)oint of view of 
^\a*ar is intimately bound up witji the proportion whi(di tjie inertia 
pressures bear to the fluid pr(;ssures. 

Again, taking the oth(‘r extr<ime, ifis clear that bc'vond a certain 
limit in the othe*- direction any further reduction in the bearing 
surface will etl'ect oidy a \ ei y trifling reduction in the weight •of 
the piston, and thus the bearing pressure ])(;r s(]uare inch will be 
greatly increajied, witli the ’*esult that the wear of the piston will be 
rapid and the reduction in friction small, for what is gained by 
rediK'^-jig the area is lost by the reduction in the thickness, and 
licncc tfie greater i-esistiiiice of the oil film. 

It would appear that so long as th(‘ clearance is (*.ut down to the 
lowest possible iimit, in ordei- to* ensure tJie imiintenance of an oil 
film all lound th*e ])iston, the bearing surface* may safely be reduced 
far below preseift-day practit-e. 

hi\perienc(“ with high->peed [eetrol engine's has slieewn that, from 
the* [»oint of A’ie vv eef pisteen frit-lion, it is aelvantage*e)us to reduce the 
be'aring snrfaea* to the lowe'st peissible limit, and it has alse> shown 
that the we*ar laetli on the* eyliiitler weills and pistons is surprisingly 
small. 


hi the* ease* ed rae-iiig ])e‘tre)l engines it has hee'ii fejund tliat the* 
jiisioii frielieui e-aii be still further re'elueed hy elrilling hole's in the 
wall e)f the* jiistons, and thus not only still further rediieing the 
l)e*aring surfae*e, but alse* allowing some of the oil entrapped be- 
t,we‘cn the cylinder walls and ])iston to ese-.ape, and so reduce 
the fluid resistance of the luhrii-ant; but it JT^ust be remembered 
that in those engine's the pistons roe'eive far •more lubricant than 
in other tyjies, hecause the e-raidv chambers are edways totally 
enclosed, anel, owing tei the high speeel anel profuse lubrication 
of the bearings, oil is sjdashod on I 0 flie eylineler walls in groat 
quantity. , • • , ' 

Inertia of Reciprocating Parts. — It has already been 
]»e)iitte*el emt? that the pre*ssure*of'the pi.'^oii on the eylihder wiWls, 
due t(*. the inertia of the j eciprocating parts, generally'exceeds the 
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average fluid pressure in the eylimler, and tliat tliis therefore is 
the main factor producinu, piston friction. Tlie maximum inertia 
pressures are, of course, far below the maximum fluid pressun^s, 
except in the case of exceptionally high-speed engines. From the 
point of view of' ]»iston friction, howevei’, it is not the momen¬ 
tary maximum pressures thal need be considm-ed, but the imvin 
a\crage pressurj, throuohout the whole cycle. 

The inertia pressures at either end of tlie stroke, in terms of 
pounds p^r sipiare inch on the piston hi'ad, may be calculated fV6'm 
the formula: 


(I 

f 


At the conmiencement of the stroke F, = - —(1 -|- --). 

.// X /• \ If* 

At tl)e end of the stroke F.. = (] - W 

</ X r \ I' 

V' = weight of recipro(*ating p'Sits, in terms'of pounds j)cr 
''(juare inch of piston aiva, 
r = railius of craid< in feet, 

^ , 

r — \ e]f'city of craidc-jjin in feet ]»ci' seeond, 

(j ~ gravity = 

/ = lengtli of connecting-rod in feet,, 

F = |tres^ure on piston diu* to inertia, in terms ol pounds 
pe]‘ sijuai-e inch. 


It i.s interesting to considei" the case of an engine ol, say, J(>-in. 
bore by 24-in. stroke, running at a speed of 200 K.P.M.. and in 
which 

!>' = .'j lb. per sijuare inch, 

7 - = I, 

2 -TT X 200 


r = 


00 


-— = 21 ft. p(*r secfuid, 




if 

1 = .-) ft. 

In this case r, •=- ^ - — - (1 -f I) 



H2 2 Ib. j)ei' sauaii* inch. 

X 


f)5 lb. per square inch. 


X 2 


222 


-(J -;.) 


Tlif'se ar(;‘ tla* maximum inertia |)rtssures, in terms of pounds [>cr 
sipiare inch* of piston area at either end of the stroke. It .V'ill be 
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noticed that the inertia pressure at one end is (sonsiderably greater 
than at the other, due to the finite leiigtli of the connecting-rod. 
SiiKtc, however, from the point of view of piston friction, tlie 
niaximum pressure is of no account, the influence of the length 
of the connecting-rod need not be considered in fhis respect, and 
the following very muCh simpler foi niula can be employed:— 

F = ()-00017 /r .s- x 

% where >r = weight of reciproeating parts, in pounds jier 
• sqiiiire incfi, 

7 /, = revolutions i)er minute, • * 

.s- = length of stroke in feet. • 

TJjis formula give.s the moan average inertia pressure during one 
stroke, and in ord«r to place' the inertia pj-e.>sure fui a par with 
the fluitl presJl^un' as usually reckoned it must, in a four-cycle 
engine, be multiplied hv four. 

Inil,h,case th(* mean inertia jnessure during any one stroke 
bect*nie» • * 

I’" = OOOOir X 5 x^20() X 200 x 2 x 

• 11^- ■square inch, 

• 

oi- .“!4 X 4 = ] .10 lb. jiei- square inch when referred to the power 
stroke.only. If the eot'fiicient of piston friction be taken as 3 per 
cent, then the jtiston friction due to the inertia forces alone, and 
ex[)H'ssed in terms of pounds pel' square inch of jiiston area, will 
amount in this ease to 


100 


X l.Sf) = 4'08 lb. per .square ineb.* 


.Vs a further example, it is interesting to eoiisidei' the inertia 
ju'essurcs in the cast' of a high-speed piUrol engine having, sa\, 
a G-in. stroke, and running at a spt'cd of 3000 li.P.M., a not un- 
eoiniiuni speed for a modern liigh-sju't'd engint*.• In this ease tbe 
weight of till' reeijiroeating ]>arls will be reiliieed to iht'^lowi'st 
possibh.' limit, and will [irobabK- not exeei'd 0'3 lb. ])er square inch 
of ])iston area. 'I'lie mean inertia pressurt' referred to the power 
stroke becomes 

F = 0'01)017 X 0-3 X 3000 X 3000 x x *.1 x 4 

= 4o0 lb. [)('!' square in<;li, ^ , 

or va.stljt in excess of tbe fliiid pressure, ll^tbe eoetlieient of })iston 
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friction be again taken as 3 per cent, then the power absorbed in 
overcoming piston friction is ecpial to 


100 


X 400 = 13'S lb. per square inch of piston area, 


or about 12 per cent of total indicated house - ])owei- is absorbed 
in overcoming *lhc piston friction duo to the inertia forces alone. 
'I’he smmd example is sutiich'nt to indicate how very large a pro¬ 
portion Qf the total loss may be due to piston friction produced 
by the weight of the reciprocating ])arts, and lu)W vitally important 
it is that the weicht of tlu'sc shall be reduced to the lowest 
possible limit. 

. Tlie minimum weight of the ri'ciproj atiug parts of an engine is 
governed bv the maximum jircssiire whicli they liave to wiLhstand 
under the most extreme almormal conditions, that is, in the event 
of premature ignition. In the ca^c of cx}jlosion engines tiie jU’CSsure, 
mav under thes<‘. circumstances rise to as hiuh as 4,', times the 
com])r(*ssion juessure. In T)iescl or semi-1 )iesel engine,'is haidly 
conceivable that the maximum pr(*s'i,iire could exceed about times 
th(* compr(*ssion. Now, since the mechanical ethciency of an engine 
dejiends vmv laigely upon the \\eight of hbe rtcipiMcating [larts, 
it follows that the engine which can show the lowest ratio of 
abnormal maximum pres,sure to mean ])re,ssure will have the highest 
mechanical ethciency. The mean pressure must be c,ou,sidered a.s 
being spread over the whole cycle. 4’he. following figin-es show the 
effect of this i-atio upon the mechanical eth<-iency oi’ a. number of 
different tyjics of internal-combust ion engine.s. The figures ai e 
averages, and in earn case the piston sjieial is assumed to be 750 ft. 
per minute:— 


Type. 

( Viiii - 
pre.'i'.mii 

.Maxim mu 
I*rc'i'»iif‘. 

fluid l-’r<“N‘<uM o\fi 
Mliol. f'yclr. 

Uiitio .M.'im- 
iiiiim to .Moan 
l-’rcs'iirc. 

Mi'cliaiiu'al 

KHii-R-iiry. 

i 

I’clrol 

to 

tori 

27 

J r» : 1 

00 - 

(tas-c’iigiric ... 

ir,o 

UTri 


2!J I : 1 

80/ 

Scrni-Ihcsel 

L’.'iO 

^ S 7 r> 

•JO 

•l.'i S ; I 


Dicr.cl 

« 

•"Lj 

moo 

•J 7 

.55 r>: 1 



* In ,spite of the greater ratio' of ma.\imum to mi'an pre,saurc the 

^ Exelu-jiv*- of ]iijjli-j)u-S!>ui'o coiiipros.sur. ,• 
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Diesel engine, exclusive of the high-pressure blast air compressor, 
shows as high a mechanical (*,fficicncy as the semi-Diesel; this is 
probably to be accounted for })y tlie more complete combustion in 
tlic true Diesel engine, whicli results in better lubrication of the 
piston; also the Diesel engine riMpires, and generally receives, 
1»etter workmanship aTid more careful treatment. 

Fluid Pressure. — In most internal-combustiftn enginps the 
mean positive fluid pressures amount to from 70 to 110 lb. per 
stjuare inch; but the total fluid .pressures, including the^negative 
jiressnre during the cfunpression and jmmping strokes, are con-, 
si«h“iably greater th.-in this. Tlie mean positive pressure is t^ie 
total pressure. dui<ing the woiking stroke minus the comiu’cs.sioil 
pressmv. The total ])ressnrc. however, is the mean pre.ssure during 
the (•ompre.ssion stroke ]j1us the totjd pi'essure during’the working 
stroke* plus the»prl‘.'^^ure during the pumping strokes; that is to say, 
»it i.-. cipial to the mean pf)sirive jercNsure plus twice the eompi'cssion 
pressir *^4 ()lns the* pressure during the pumping strok(;s. In an 
cngii.2 luiving a (•r»ni))iession pres.',ure of, say, LoO lb. per square 
inch the mean pres>>ui(‘ of emujere.'^sion will be about 2G lb. per 
Mpiarc iiicb; thi.-'nnust be doubled*and added to the mean positive 
pri'ssure; tlie pr«*ssnre’during the pumping strokes is generally so 
small that it. maw lie neglected. 

In, considering the pi.stoii friction it is the total fluid and 
not the mean jiositive fluid pressuiv that must lie taken into 
account. Fig. 27 show^ a tyjtical gas-engine indicator diagram 
ha\ing a mean effective j)re''sure of J) I lb. per square ineb. as 
it miglit be produced by a eontinnoiis indicator, from wliicb it 
will lie .seen that the total tliiid ])re.ssnre. Iioth positive and nega¬ 
tive rci’cned to the woiking stroke, amounts to 1 4.") lb. ])er sipiare 
inch. 

Fig. 27o shows tlu* total fluid jin'.ssnre acting on the piston 
throughout the whole cycle. • 

Fig. '17h shows the inertia pressure. • § 

Fig. •J7e, the combined fluid ami inertia pressure, , 

Fig. 27i/ shows the t«»tal fluid jiressure as referred to the work¬ 
ing stroke alone. 

Fig. 17(’ shows the total inertia [iR'.ssnre in the same way; and 
Fig. 27/! the combined fluid and inertia jaesswre. • 

It' will be noticed that the fluid and inertia pre.ssnres are not 
always •enmubitive, but that at* I'ertain }reriods during tlie eyel^ 
they eoiiuteraet one another, sueli, for example, as during the latter 
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part of the compression stroke, so that it is not correct to deduce 
them separately and then add tliem togetln'i-. 


300^- 


ri 


N. MEP : ' 

sq in^h 




L 


• I 26 lbs per eq in 


FLpiD Pressure 


MEp'- 126 lbs per sq in 


'MEP - 35 lbs 
per sq inch 


COMBINED FLUID AND INEPriA PRESSURE 


l*i,i 4 iaLi Sliuwinf- riui'l ami Iin'itia ]*ii'>-iiii' im a l'<iui-r\cK-. SlliKlc-actiji^ • Ta'-Liii^tiii' Stroke 
2 ft . ll.l’.M. I’Vi. Wii^lil rit 11 '< ■luiic-atin;' pdit.-i-l lbs. jit'i iij in. 


AVoik dime bv ci.iiik ou instuii 


Woik iliiiie b_\ pi-loii nil I'l.iiik 


Fotal lluiM |>re'- 
hiiii- ii-fi-m il t'j 

mil- itroki- 


I olal nil'll 1,1 

[llC.-.sllH' ti- 

fl'Ill-ll ti) OIK 

ST.I uki" 

]'1S 27 


Tolal (iinib’.ncil 
llmil uiiil iiK'itia 
pii'SNiiip ri'fiTri*il 
to mil- siioki- 


Influence of‘the Length of the Connecting-rod.—Tin 

length oi the eonncetipe-rod proljahly ha.s .Mjine inlliienee upon 
the jii.ston frietion, for itf ohviou.ii that tin* .sliorter the rod^in pro- 
pojtion to tJie eiank tliiow the gieater is tlie angular tlirn.s** on tlie 
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cylinder walls and the greater the friction. Broadly speaking, the 
longer the connecting-rod the better, but it must be remembered 
that a longer rod means also a stiff'cr, and therefore a heavier 
one; since a certain proportion of the connecting-rod varying 
from one-quarter to one-lialf must be regarded as reciprocating 
weight, it follows that it would not pay to increase the length 
to an indefinite extent. In practice it is usual* to maki; the 
lenoth of the connecting-rod equal to five fimes the crank throw; 

^ I ... '» 

that is, •= 5, and this applies to 'practically all internal- 

combustion engines vith the cxc(*ption of petrol engines, in which 

* I * * 

the ratio - is sometimes as* low as ."7. The length of the con* 

jiecting-rod also ind^uences the side thrust of the piston, as upon it 
and the crank \fchrow d(*pendf» tlie obliquity of the thrust between 
The crank [)in and the piston. 

Foi*r^iila for Deducing the Mechanical Efficiency.— 

It has alrcadv lu'cn explained tl^at tlu; indicated horse-power of an 
engine cannot be arrived at witli any high degree (»f accuracy with 
th*- ordinavN' oeift'il indicator, on account ' of tlie inertia of the 

Vi • * • 

luechanisni. the smallness (»f flic diagram, and the unfavourable 
ratio between tlie* maxinimn and mean pressure'.^. ITofc-ssor Ilop- 
kinsou •considers that even under tlie best conditions the itencil 
indi<-ator caiimtt be relied upon to record tlic indicalt'd horsc-power 
^\ithin .5 ]»cr emit. Man^■ of the indic'iitor diagrams puldished in 
this book will, if inti’grated. ^how mechanical efficiencies varying in 
one instance from 74 ]»cr cent to 1>.”> per emit for the same (Uigine, 
and ill aiiotlicr instance the indicated horse-power as recoVded by the 
indicator is aetnallv less titan the brake horse-power. ith the 
optical indicator far more acciirate results can be obtained, because: 

1. 'Flic jimieil ;ind multiplying levers are replaced by a ray of 
light, which has no weight, ain.1 therefore no inertia. 

2 . .4uv degree of multiplication can be obtifined at will, and 
thus a laager diagram can bi* ghen with a smaller niovmnent«of the 
jiiston or diaphragm. 

l’h(‘ inultiplving ineeliaiiism consist nig only of a ray of light 
is tVictionlcss. and limicc a vm‘v niuiih smaller tind lighter piston 
can lie used witlmnt error.s due to friction. * • 

'File optical indicator, however^ is neec-varily a veiy ylelicate 
instrument., and somewhat too Iragile for use in an ordinary test 
room. •* 
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It is needless to point out that it is very important to ascertain 
the indicated horse-power of an engine, for unless this is known the 
designer is working in the dark as to the thermal conditions that 
obtain in his engine, and he cannot distinguish between the thermal 
and mechanical losses. 

Throui»hout this book the author has endeavoured to calculate 
the livid and mechanical losses by means of a formula. In explain¬ 
ing this formula, it is necessary to say at the outset that it is ])UjC«ly 
empii'ica'i, and. at best, imnely aii'a])i)roximation, but ij: is probably 
«coiis'iderably more accurar<‘ than tlu*. (Ordinary indicator. For a 
formulii of this .sort to be of any practical' value it must be a 
simple oni', and thend'orc it can onlv take into account a few of 

f * *5 

the more important ^•ariables. It will not be at all surpr-ising if, 
when more is known a.s to the causes of the ’iiechanical lo.sses. it 
will be neces.sary to modify it very co'c.sidera jly, but in the })ie.sent 
state of knowledge it gives tolerably correct reading.s when ;i[)[)lit'd 
to the few ca-^es in which accui'ate tests of mechanical eli^cii*r.<'y have 
been made, and'this is really its onjy jnstilication. 

The formula presu})poses several conditions which have not yet 
been satisfactorily e.stabli.shed. For exampje, it*ass|.Mnes that v 
pistop friction is a definite percentage of the pressure on the 
cylinder A^a]ls. Also, it as.-^unies tli/it the friction of the bearing.s and 
valve-o])erating mechanism is the .same under all conditions of speed 
and h)a<l. This latter as.sum})tion is aflmittedly incorrect, but the 
pro])ortion of Ixairing fri<-ti<Mi is .so .'■•mall, that it is not W(»rlh 
Avhile to complicate the formula for the sake of coiivcting the 
small error introducetl. 'flie following are the assum])lions mad»‘, 
but in tin* jtractical ap]>lication of the hu'inula they should, of 
cour.se, be varied at dis<‘rction to suit the .special c<>nditions in 
each case. 

1. That the fluid losses, that is to .sjiy tin* area (*f the suction 
loop during the. •pumping strokes, is as given by the <‘urve fig. 
and i.s dependent^stilely ujaiii the A'elocity through the valves. It 
does ni')t take into accf»unt tin* size of the valves, which has a certain 
influeuce uj>on the nozzle coefficient. It assumes that the A'al\’es 
open into .side pockets, ijs is generally the casr, but that the Avails 
of the cylinder surrounding the j)<»ckets admit of frc'e I'ntry and do 
not restrict flie effective vjl'lve area. For vah'e.'S. oj)ening dir<‘Ctly 
into thg cyliii<h*r head,the. prcjportion of fluid lo.ss .should be reduced 
tjv some ;20 25 per cent. With a mean gas velocity through the 
valve.s of 130 ft. per .second, the fluid lo.ss is coii.sidercd as ccpial 
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to a mean efi’ective pressure of 3'5 lb. per square inch of piston 
aiea. 

2. That the Ifcarina; friction is a constant depending to some 
extent upon the weight of tlie fly-wheel and the nujnber and nature 
of the auxiliaries iiiclud(id under this liead. 1’he minimum figure 
is taken as 2 lb. ])er square ineli for multijde-cylinder jengines having 
very small fl\'-wheels and few auxiliaries, and the maximum »figure 
as^S'.'j lb. per square; inch for single-cylinder engines with heavy 
flv-wheels apd oil and w^ater-eirculating 'pumps, &c. Tile actual 
liguie adopted must d<‘pend in each ease upon the general de.sign* 
and tyi)e of the engine in question. For convenience of calculation 
the* losse.s ar(' all *giveji in^ terms of j)Ounds per square inch of 
])iston /r('a ref'rred to the woihing stroka; only. 

The piston friction is the largest item as a rule, and is the most 
dilliculk,one t(>^dcal with. It is asMuiied that this is pioportional 
*t(* the.jotal j)r('ssure on the juston from both fluid and inertia foives 
combinf*J, It has alreadv Ijeen sln»wn that tin* fluid and inertia 
forces are not cumulative, but tk’at the total juvssufes on the pi.ston 
varv ill normal engines from (»0 ])cu- cent to 80 per cent of the sum 
of the fluid jyid fiierti,q pressures, in oi'def to simplify calculation 
it is assume<l that the inertia and fluid juessures are cumujalive, 
and the error is J)artially corrected by taking a lower figure for the 
coeflickuit of friction than actually apjK'ars to be the (.use. Such 
tests as have Iteen imnh* seem to indicate that the [)ro])ortion lost 
in ])ist(>n fVictiofi A'aries from 3 pci' cent in gas or jietrol engines 
to 4A per cent in oil-engines, of the total pressun* on tin* ]>iston 
K'fei'i'ed to tlie ])oi\er stroke only. In order to.coinpensate for the 
error intriKluced liy achling the fluid and inertia juesf^ufes together, 
the proportion of jiiston fric^tion is taken as 2 per cent and 3 per 
cent respiM-tivelv; this j)resup]ioM*s that the total jire.^sure on the 
})iston represents (UPtJ ])er cent of tin* sum of the inertia and fluid 
pressures, wliich is a fair average figure. The ktrmula al<o pre- 
.siq>])o.ses that tin* ratio of the coniieeting-rod Migth to the crank 
throw is in the. neighbourhood of a:!. • 

The only aceurat;* information usually available is the brake, 
horse-power, and it is only possil>le to calculate the mean po.sitive * 
fluid jiressure from this, d'he mean pre.ssure of compressioir u.suall} 
varies from 20 to 40 lb. jier sipiare itich in an* exjifosion engine 
and from 50 to fiO lb. jier S(|uare^inch in a Ifiesel engine. This 
must bfl doubled in order to arrive at tfie total fluid .pres.sures. 
Since tlrts is only a eoiujiaratively small varijjhle, and has very little 
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inHiieneo on the total figure, it is convenient to regard the loss due 
to fluid pressure during the compression stroke as a constant and 
add it to the constant friction of the piston rings. The value of the 
con.stant for bot.h fluid pre.ssure and piston rings is dependent upon 
the size of the }>iston and the number and spring tension of the 
rings. For ordinary gas-engines, using town gas and free from tar 
or (lilt, the con.stant friction may be taken as equal to 1 lb. per 
square inch. For .small ])etrol engines it may be taken as 1‘5, lb. 
per .square inch. For Dir.sel ciigincs using a verv high compre.s.sion, 
'2 lb. per .square inch, and for semi-Diesel engines using lieavy 
residual oil or ^■aporizing■ oil-engines there is rea.son to believe that 
it may be as high as 3 lb. per .square incli. 

The formula for ascertaining tin* piston friction in t^rms of 
pound.s })er .sqiiiire inch lefeiicd to the powei- stroke then becomes 

ttuieuii jio.'^itive fluid . (tneari inorlia ]no.s.>un* i‘t'-1 o 
„ \ prp.ssuroi ferrod to powoi strokes' 

r = constant 4- ---- ^ --'-- • 

'J’he constant nin.st be vtiried at (b.-'crction cicfordin'j to the ( la.ss 

« t • 

of engine, as must also the roeflieient of. pi^tri^i f'-iction, which 
ajiparently varic.s betwt'eii l’ tind 3, per cent. de])cnding ujton the 
area of lu-aririg surface and the nature of the fuel, 'fhe e.oellicient 
of friction of course (h'pencK very laigely upon the lempcraLure of 
the eylinder walls, but it may safely be a-sunuMl that till tests are 
carried out at a tcni])('ratur ■ .it which the piston friction is rtaliu'cd 
to near its minimuni. tor the e11V-et which jacket temjieraturc' has 
upon the mcchaniea] etheiency i.> thoroughly iccognixcd. 

In order to calculate the mechanical cfiiciiuicv of an ciigine 
bv this means tlic' following information is necc^s.irv ; 

1. The general design of the engine (in order to Ik; able to 

(f.stimatc the value of the con.stant.'-). 

2 . The brakciiorse-power. 

3. The bore arid strokt;. 

4. The revolutions per minute. 

5. The weight of the reciprocating parts. 

(1. The efiective port area of the valves. 

It must, of course, be und *rstood that the ab(»ve formula refers 
mily to four-cycle singh* acting engines using tl'unk pistons, but 
these form by far the .majority of th<* many type.- of int.ernal-(;om- 
Imstion engine. Wh(;n an external cross-hisad is employed there 
is good reason for b(;lieving that the pi.ston frictirm i« re.t’iueed to 
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approximately one-half in spite of the extra weight of reciprocating 
pfiits involved. In the case of tandem double-acting engines using 
separate cross-heads, very high mechani(!al efficiencies are sometimes 
obtained if the pencil indicators employed can be relied upon. In 
such engines a high mechanical efficiency might reasonably be ex¬ 
pected, for the ratio a( positive fluid pressures to inertia pressures 
is very high, and the use of extei-nal cross-heads •will go far to 
reduce, piston friction. The formula is not* applicable to two-cycle 
engines, because*, in this ease the fluid losses arc generayy much 
greater and •vary widely hi difhn ent types, and also the influence 
of the inertia forces is considerably less. Further, in two-cyCle* 
engines there is generally a separate scavenge pump whose me# 
elianical etticieney would also have to be ascertained. ' • 

The author wishes it to be clearly understood that the above 
formula is ofle|-ed rathei- as sugge.stion. Its only justification is 
• that, within the limitations laid denvn. it agrees fairly consistently 
with file few accurate results that have been obtained in engineer- 
ing laboftnories. It is very much to be hoped tjiat in the near 
fiitui'e those e.xperimenters whf? have well-efjnipped laboratories at 
their conimand yill turn their attention lo the investigation of 
the factors (*ontrAlliiig' the ]nc<‘hanical efriciency, which influence 


tlie jierforniance a-if an engine to an extent fully as great fis the 
ihernKjdyiiainic side, upon which much research has already been 
carried out. 


Voi., I. 



CHAPTER X 


VOLUMETRIC , EFFICIENCY—COMPRESSION 


Volumetric Efficiency.— Iii any t v pc of intcrinu-combustion 
en'gine voJninctric othciciicy i.s a coiisidei’ation of tlic first importance, 
foi' l)ot]i the ooininereial and also the thermal ctficicncy are dep(*n- 
dent upon ‘it. For c(pial temperatUics and piston speeds, the 
mean pressure, and therefore the ])o\ver of an eni>ine, is" depen¬ 
dent almost solely upon the volumetrie elticiiehey, and, since the 
commercial value of any engine is largely based u])on the j)o\ver 
it will develop, it follow> that, from the eommereial [xnnt of view, 
volumetrie ettieieiiey the first consideration. AgainT ri'om the 
[)oint of view of thermal eftieieney'' it is obvious that for a gi\’en 
mean pressure the higher tin* volumetric efiieieney the lower the 
maximum tempm-ature that can be emploV(!'<l, and therefore the 
more etlieient the engine. In the ordinary accepted ty])e of internal- 
eombustion engine the volnnn'trie etlieiencv is dependent primarily 
upon the size of the val\ e.'>; but it is also depemhmt to some extent 
upon the shape of the valve j)assages, the position of the valves 
in the cylinder, and the design of the pipe-work. In deciding u])on 
the size of the valves it is necessaiy to effect a eomtn’omise between 
two conflicting factors, namelv, hiw velocity and turbnhnKr. In 
order to ])rovide the necessary tui’bnlenee, which is essmitial for 
rapid and complete combustion, a moderately high veloeilv of the 
incoming gases is necessary. f)n the other hand, the higher the 
velocity the greater the fluid friction loss and the lowm- the volu¬ 
metric efiieieney., , The actual velocity I’ccpiired to produce the 
necessary turbulence has yet to be decided, but thcj-e. seems to ci 
little doubt that 130 ft. per sec'ond is ample in any engine in which 
the combustion chambei’ is reasonably comj)act and free from veiy 
shallow pockets. In engines in which the valv(“s op(‘n directly into 
the cylinder Ip'arl y vcdocity fiflOO ft. pej' second ajjpears to be fully 
sufficient. V ith a well-designed valve gear there is very little, loss 
ef voluifjetric etticienc}^ at vckx'.itics below 130 ft. per secf.md, but 
at higher velocities the eftici(*ncy begins to fall away fairly rjipidly. 
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The curve illustrated iu fig. 28 shows the lueaii volumetric 
etiit'iency of a considerable number of engines of different types. 
Tlio volumetric efficiency is rcdu(;ed to terms of standard teiApera- 
turc and pressure, and is therefore considerably lower than that given 
by direct nu?asurement of the air at ordinary atmospheric temperatures. 
With an inlet velocit>of 100 ft. ])er .second the volumetric efficiency 
is 74 per cent, and does not vary more than 2 pe*- cent in half a 
<lozen different tests by different cxperimepteis on widely different 
of engines. At 200 ft. per .second the nn^an figure for the 
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volumetric elliciencv is 04 per cent, but this n’aried ^rcan 61 per 
ccMit to (»7 [)er cent in six different eiigine.s, the variations being 
du('. no doubt, to the differmit dc*sign and po-^ition of the valves and 
])as^ages and the cons»U|uent value of the nozzle eoc'ffieient. At 
200 ft. p(*r .second the volumetric* effic'ienc'v varied Irom 42 [)er 
cent in an engine witii shallow .side pocketsbadly-designed 
valves and pa.s.sagc‘s to 64 ]>er cent in the ease of an engine with 


valves in the; head and no ])ockets. 

Influence of Compression Ratio.- The c‘om[)ros.sioii ratio 
emplovc'd lias an important liearing on ‘the suetion temperature, 
but verv little u})on the volumetile^ etiieieiiev. Ihe Idwei* the 
c;ompression ratio tlu* lower is the tlu-rmal effieieiicy and the higher 
the teiyperatg.irc* of the re.siclual jga^os, Imt.s'inc-e they are c^xpaiuled 
down atiuospherie pres.suro belore meeting the ineoiniiig eharge, 
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the difference in temperature between them is small and may be 
neglected except where a high tlegree of accuracy is required. 
Generally speaking, the temi)erature of the exhaust gases may be 
taken as approximately 1100° F. under all except almormal con¬ 
ditions of operations, in which circumstance the actual temperature 
should be taken. < 

If the prcssjiv of the residual exhaust gas(\s at the begijining 
of the suction stroke is only atmospheric then the compres.sion ratio 
has no ivdueiice on the volumetiic efficiency, for although, witli^a 
low compression, the quantity retained avjII be greater,'yet it must 
be ‘ remembered that when mixed with the incoming charge the 
i*esidua] irases will be cooleil. and bv conlractiim will make room 
fcpi’ a larger charge, with the net result that the volumetric 
efficiency is .unaffected by the compression ratio so long as the 
pressure of tlic gases is not aljove tJic atmospRcric^pressure. In 
practice, however, it is generally nece.<sary to close the exhaust 
valve so early that it is almo>t. if not (juitc. shut bv the end-of the 
exhaust slntke. and the pressure of tlu* gases is gejjcralK^slightly 
above atmo.''pheri(‘ pressure; under tncNc «‘on<litions the compression 
ratio does have a rather important bearing upoi; the volumetric 
efficiency—the higher the com])iession the •Kightr tlfb volumetric 
efficieircv. 

It can be shown that if in any four-cycle internal-combusiion 
engine the pressure within the cylinder at the commcneem(*nt and 
end of the suction stroke is exactly atmosphci'ie, then, owing to 
admixture with the residual ‘<-xhaust ga^es, tin* volumetric, efficiency 
when referred to standard temjierature anti pressui'e will not exceed 

per cent, and that this figure can only be raised either by 
scavenging, by .supercharging, or by eotding the incoming (*harge tt> 
a temperature very coiisitlerably behnv that of the atmosphere. In 
the ca.se of, say, a petrol engine having a conijjivssion i-atif» of 5 : I 
and a relative effici<*ncy of hT’o }»er cent of the air standard, or .‘>2 
per cent, the highest mean jjie.ssujt* obtainable with a mixture 
strength of 100 H.T.U.s per cuhic foot, which is the greatest 
.strength consi.sicjjt with conj]»]ete combustion, is 


100 X 778 


82 

T7)o 


•> md 


lit. per square inch 


1J4 100 100 

f 

• • = 142 lb. per .stjuare inch. 


Thi.s is the ab.solute ]i*m.it of ]A(!.‘jsure obtainable in. this engine, 
a.ssuming that the cylinder is comjdetely enqttied of exhaust gases 
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down to atmospheric pressure at the beginning, and completely 
filled with fresh charge up to the full atmospheric pressure at the 
end of the suction stroke. It also assumes the highest practicable 
compression ratio for a petrol engine, and a veiy high figure for 
the relative effieieii'iy when using so strong a mixture. No 
iiceount is here taken of the lower suction temperature in a 
])otrol engine, due to the latent heat, of e^ apoiation 'of the 

litjuid fuel. ^ 

The curves a, b, and f’, fig. 2b, give tlie highe.st mean pre.ssures 
obtained in the ease of a and n, a. petrol engine with a eom- 



Fit;. 2'.* 


])iession ratio of (a) 5:1, and (a) 4:1, with ga^ velocities ranging 
from ]0U to 250 ft. pt'r second througli the inlet valves, and witli a 
nii.xture streiigtli of 100 iJ.IM’.s iter eubie foot as calculated from 
tlu' mean volumetih- idficiency curve (fig. 28);. c refeis to a gas- 
engine with a compression ratio of (J o : 1. and a inixtuie slrength 
of 70 RT.lJ.s jter cubic foot. In Itoth cases it is assumed that the 
valve timing is normal: that is to sav. th«t tin* inlet valve does not 
oi>en until the exhaust valve is elos(‘d* so that there is no sca’veii'ging, 
and that the inlet piping is short and of large diameter. 

Scavenging. —Tliis can be^acvompli.sln’d b\ taking advantage 
ol the inertia of the How of the gases in the exhaust pipe to with- 
drajy soinj.* of the residual exhaust gases from the combustion space, 
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and replace them with either pure air or combustible mixture. 
To effect this withdrawal it is necessary so to time the opening 
of the inlet and exhaust valves that both are ojk'u together for 
a 4iorr period at the end of the exliaust stroke. In this manner 
a consideral)le im})rovement in the volumeVic efficiency can be 
effected, but it'can only lie seemed when the wavi* periodicity in 
the e.xLaust })ipe is in .synchronism. If out of phase there is a 
serious ri?k of e.xhaust gases liiung ilriven ba<*k into the inlet peftt 
mid then readmitted to the cylinder, .sd tliat the jiFoportion of 
exhaust pi-oducts is increased instead of being naluced, and the 
AMlumetric efficiency diminished in (‘onseejuence. In engines (if 
the consTant'-spe(‘d type it is pdssilile s<t-to proportion the exhaust 
pipe that a certain amount of scavenging does take jilace, but in 
variable-speed engines it is extn'inely, difficult !o (!<;*, this. AVhen 
combustible mi.xture is admitted through the inlet valve this 
method of scavenging will result in the loss of a certain' pro¬ 
portion of unburnt mixture through the exliaust. and^is only 
admissible in cases when it is desired to obtain the maximum 
possible ])Ower without c/m si derat ion <if economy. In some engines, 
such, for examjile, as the Premier (las-engine, jiodtive .scavenging 
by mehns of an air-jiump is emjiloyed. with the result tliat the 
volunKrti'ic efficiency is substantially imjiroved, and mean pressuri'S 
a^i high as 110 lb. jter sipiare inch can be economically cmplovcd 
even when working with jiriiduccr gas. 

Supercharging.— Thi.s can be effected, but to a very limited 
extent onlv, bv taking advantage of the inertia of the gases in the 
induction pipe to ritise the jnessure within the cylinder at the end 
of the suction stroke to a value above atmosjihcric. It can also, 
of couive, be accom]jli‘^lKal nKM-hanirally by means of an air-jmmp. 

Exhaust Back Pressure. So far. the effect of restricting 
the free flow of the exhaust gases has jiot b(‘en considered, and, 
e.xcept in the case,(if very badly ilesigneil exhaust silencers, it lu'ed 
not be taken into •consideration, because, as a general rule, owing 
to the exceedingly high velocity of the e.xhaust gases when fiist 
released, their inertia is so great as to overcome th(‘ resistance of 
anv reasonablv well designed silencei- without thi’owing anv serious 
back pre.ssuri; upop the pistpn*, or apjiicciably influencing tlie volu¬ 
metric efficiency. 

« Exafnination of light*.‘']iring mujicator diagiams generally reveals 
the fact that the exliaust ])ressure falls to almo.st atmospheric 
pressure at about the luiddle of the exhaust .stroke, bi^t'rises to 
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about 2 lb. per .square inch above atmo.spheric at the end of the 
strok(“ owing to the early closing of the exhaust valve, except in 
sueli cases when the A'alves are set for scavenging. It is only the 
pre.ssnre at the end of the exhaust stroke which hy,s any influence 
upon tlie volumetric efficiency, and this is nearly independent of 

average pressure fliiring the stroke. Exhaust^back pressure 

may con.sidt'iably increase the negative* work eeri the pi.ston, Jbut it 
wijl liavc very little influence on the voliuhetric efficiency, unless, 
as is too Oit<^n tlu* case, tly; exhausts from* multi-cylindered* engines 
are .so (‘Onnected that one cylinder (‘.xliausts into another just jat* 
the beginning of its suctifui .stroke; when this occurs it is obvious 
that, the clearance'space l OjC'eives a ehaige of highly-lu'ated gases 
immedi^ately before the conimencement of the suction .stroke, and 
this naturally has tjie worst possible* influence upon the volumetric 
efficiency. Th^ cpie.stion c»f jliia'work generally, and its effect upon 
*chargip^ and exhaii.sting, is dt*alt with at greater length in another 
cliaptcr. 

Influence of Compression on Thermal* Efficiency.— 

Althoug theoretieallv. the efficienev of an internal-combustion 
*nginf* is d(*yeiu]Vuit u|»on the cfmipre.s.don ratio, in practice this 
stai<*nient rc(jnircs considerable re\ ision, foi- althftugh the theoretical 
cflieicncy in(‘i(*as(*s with increa'ic of conipre.ssion, the mechanical 
(*i1icienf<'y decrt*a.s(*s, .so that a ])(tint is reached at which any further 
incrca.se in the coin])ie.ssion prc.'.^un* i.'> counteracted Ity inereaseil 
inec.hani<-al lo.s.ses. and tlie net gain is,/o/. 

In fig. .“fO, curve A repres(*nts the air-standard cthciency for 
coinpi(*ssion ratios, varying from 2:1 u]) to 14:1. and curve it 
71 per cent of the air standard, and is the actual indicatT'd efhcicni-y 
whicli might be i*.vpccted from first-class engines running on the 
constant-A’olunie or (*xplt)sion cA cle- - 7 1 per (‘ent of tlu* air .standanl 
heing tlu* highest j)ro])oi‘tion realized in first-class engines working 
with a comparatively weak mixture, with a mean <^*ff’ectiA’e pressure 
of about 80 11). ])er S(juare ineh on t(»wn gas,* find eorre.spoiuling 
pre.ssnres on oth(*r fuels. It will be noticed that with compies.sion 
ratios above 7 : I the increa.si* in tlu* indicated thermal efheiene.v is 
comparativ(*ly small. ^ 

It lias a.lrt*adv been sliown thaii the mechanical cfficioucy of 
uny ordinary single-acting trimk-pistoiT engine i?; dt*phndent. other 
things being (*qnal, njxm the comprt^.ssion raty'). since* it is this which 
determihes th*e ma.ximnm prc.s.sufi*s and therefore the weight of the 
workinff. parts. The curve c. fig. ;10. gives^the highe.st mechanical 
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efficiency generally obtained with various compression pressures in 
single-acting four-cycle engines of present-day design. The piston 
speed in each case being taken as 750 ft. per minute, curve i) gives 
the actual or br^ike thermal efficiency obtainable. It will be noticed 
that curve d reaches a maximum of 3G })cr c»‘nt when the com¬ 
pression ratio is 11:1. and declines slightly when the compression 
rations .still further increased. In piactice the explosion or constant- 
volume cycle cannot "be employed when the comi)ression rgtio 



liitluciicr of Hallo miou Kltluioiicy 


exceeds about 7‘5 : 1, because the tem})eiatui'e of comjnevsion 
become^ so high as tfi cauM- ])remature ignition; Immh'c at the higher 
com}jres,'.ions a different aiid le>s efficient heat cycle must be em¬ 
ployed, and that*i?i why engines of the semi-1 )iesel ty[)e having 
a coinjjrcssion ratio of about 10:1 <lo not show brake thermal 
efficiencies as high as 30 ])cr cent. "Ihe curvi's oi mi'chaidcal and 
brake thermal efficien<-ic‘s ap]>ly oidy to single-acting trunk-piston 
four;cyc>le engines. When double-acting cylinders an* emj)loye<l, 
or when an Vxterlial cross-head is used, the mc(-hanical officiem'.y 
i.s consi^dcrably higheii, and tlje con<‘lusions with regal'd to the 
mu.ximuni coni[»ression I'atio I'cipiiVe modification. I lie cuVvc I) is 
intere.sting, in that it.sluiws how comparatively little advantage 
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is gained in practice by the use of very high compression, and that 
tliore is no gain \vliatev(‘r in using a comjii-ession ratio higher than 
about 11'5 :1, corresponding to a conijn'cssion pressure of about 
3(50 H). per square inch, unless some m(*ans }»e fou^id for increasing 
llie moan pressure to^ a figure considerably in excess of that at 
present obtained. 

Pre-igTiition. —In the case of explosion engines the degree of 



Fig. ;{1. -Tuiniifiatui'u ami Pie.HMiiL-of (ViiiiiiiVMiion. (!’ > = Initial TeniiM'iature 

varying acouriliiig to coinjM't'ssioii r.itui 


eon]j)res.sion is limited by the ignition ])oint of the fuel, for it is 
obvious that to guard against the danger of juv-jgnition the niaxi- 
niiini tenqierature of conqire.ssion must la* wfl^ below this point. 
Professor ilopkinson lias found that the ignition ])oint of t^wn gas 
is about 1350“ K. when eompres.M'd with air to a pre'^sure of 150 lb. 
per square iiieh, and is aliout 1550“ F. at atmo.-'[)herie pressure; that. 
IS t(» say, he found that ])re-ignition,oeeurred just before tJie end of 
the tamipri'.ssion* stroke if any point t\ithin th^ <*ylhuler exceeded 
1350“ F,, and that the charge ignhed as it, entered when^the tern* 

peratuiV rose to 1550" F. ' * ’ ’ " 

J\i% curves, fig. 31, give tin* pressure ^and temperature of the 
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gases at the end of the compression stroke for different compression 
ratios. These curves are calculated on the assumption that the 
value of y is 1 ‘35, that the temperature of the gases at the com¬ 
mencement of the compression stroke is proportional to the quantity 
of exhaust gases retained in the clearance space, and ranges from 
300° F. with a compression ratio of 4 ; 1 down to 160" F. with a 
ratio (>f 14 : 1, and that the jnessure at the commencement of the 
compression stroke is exactly atmosi)l)eric. 

Engines of the explosion or constant-vc lume type use the highest 
oompression which is com]>atil)le with freedom from pre-ignition, 
and this in practice generally ranges from 3 to 7‘5 : 1, dc])cnding 
upon the fuel. AVith a 3:1 compression ratio, as freqiumtly used 
in parahin engines, the maximum teni])eratuic of compresijioii is 
720" F.. Avhih* Avith a compi-ession ratio of 7'5 : 1 tlu^ temperature is 
000° F. Both these tempcMatures are Lonsiderahly l)ef()w the normal 
ignition point of the fuel, but it is necessary to provide a very wide 
margin, l)e('ause it is not the mean temperature of the whol^bulk of 
the mixture thaf has to be considered, but the highest local tem¬ 
perature at any one point. This may bt' raised to a. very much 
higher figure than the mean by the presence of su.eh uircooled parts 
as the exhaust Aalves and igniter points, and iilso by particles of 
carbon Avhic.h are deposited on the Avails of the combustion space 
and the piston head, and which, being jioor cojiductors of heat, 
are liable to reach a veiy high temperature. There is, moreover, 
another cause of premature ignition which is not generally recog- 
nixed, but which is none the less very prcAoilcnt, nan)e]y, that 
due to j)articJcs of lubricating oil coming in contact Avitli hot 
surfaces, such as the head of thr exhaust auIa'c or the (cntre of 


the piston; umler tlicsc (“onditions tljc. oil will be deernnposed or 
“cracked’’, throwing doAvn a deposit of carbon and liberating 
free hydrogen Avhich has a very Ioav ignition j)oint. 1‘rofessor 
Hopkinson has found that ordinaiy gas-engine oil will crack and 
cause pro-ignition* if* dripped on tiie head of the, exhaust vahe 
Avljen tke temperatme of the surfara- exceeds about 800" F. In 
order to guard against this source of f)re-ignition. whi<-h is more 
‘prevalent in horizojital vertical engines, the exhaust 

Aulve. should be placed at the lowest point in the cylinder, so 
that it Avill ‘act as a drain and prevent the accumulation of 
lubricant; this arrangecnenr not onJv minimizes the risk due to 
pre-ignition from cracking of tin* oil, but it also, of course, re<luces 
the cfirbori deposit fui the cylinder walls and piston head, tnos;!, of 
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whicli is due to decomposition of the lubricating oil rather than 
of tlie fuel. 

Explosion engines using paraffin, and also those using coke-oven 
oas, which has a high proportion of hydrogen, are han^licapped by the 
iow ignition point of the fuel. Paraffin engines are still further handi- 
eii])ped by the necessity for pre-heating the combustible mixture in 
onler to vaj)orize it; for this reason such engines can, as a rule? only 

compression ratios of about 8 to 3‘7 ; 1, and since the pre-heating 
of the fuel aljio results in f’l considerable reduction in the vofumetric 
efficiency, it follows that the mean pressure and therefore t^ie* 
mechanical efficiency are reduced. As a j'csult of this the brake 
thermal efficiency df such engines is limited to about iU per cent/ 
111 ]»ra«tice the efficiency is generally lower, owing to defective 
^•a])oriza,tion and c.ovnbustion. In order to make possible the use of 
jL\ higher, compression ratio, an*d so improve the efficiency of paraffin 
cugincitk, various devices ari^ resorted to with the objec.t of preventing 
]n’e-igniii;m, (‘ither by reducing the compression temperature or 
jircventing admixture between, the component parts of the (*,oni- 
hustihle mixture until near the cpd of tin; (lompressiou stroke. 

In order do r(;du(V.the compres.'<ion temperature, it is a very 
common practice to admit a small quantity of water in the f^rm of 
a finely-divided spray into the cylinder during the suction stroke. 
This water is then evajiorated during the compression stroke, and 
takes up a portion of the heat of compression, thus enabling a higher 
compression ratio to V»e einploveil without increasing the compression 
tempeiature. By this means tin* eiiiciency can be very substantially 
improved, and a compression ratio as high as or in some eases 
l a : 1, can be employed, which would allow of a brake thermal 
efficiency of aliout 24 per cent if the fuel were completely vaporized. 

lu experimental engines compression ratios as high as 8:1 
have been tunjiloyed with very favourable results, but since such 
engiiK's d(‘]»end entirely on the water injection their immunity 
from pre-igjntion under all loads, and are liablb*to pre-ignitions of 
an extremely violent and dangerous nature if the water su|)ply is 
niily momentarily interrupted, tht'y can hardly be regarded as 
commercial successes. ^Flit* ellect of the \yater, however, is slightly 
to reduce th(‘ efficiem'V, because of khe greater .specific heat of the 
‘‘<tcam. but this fs more than <'ompen.*ated for Pty the gain due to 
the higjjcr compression ratio. Tluire is a mistaken idea yrevalejit 
that the admis.sion of water in itsvif raises tlie efficiency of an engine; 
suel^ an ^dea is entirely enoneous, tin* oply advantage of u.sing 
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water is to make possil)le the use of a higher compression. If an 
engine is designorl with a suttieieutly low compression to run with¬ 
out water injection, then th(' sole effect of adding water will be to 
lower the cftici(tncy. Althougli the employment of water injection 
permits of a liigher compression ratio and a higher brake, thermal 
efficiency, its use is not altogether desirable, for, in the first place, 
th(‘ quantity of water has to 1)0 carefully regulated according to the 
load; if too little is admitted 2 )re-ignition may occur, and if too much 
it will liot be couqdetely evaj^oratcd, wilbjday havoc w,itli the lubri- 
»/catiou of the juston, and cause corrosion, owing to its combination 
with the sulphur which is always present to a greater or lesser 
degree in pil or gaseous fuels. Again, the water itself must be 
soft and liure or there will be an excessive dei)osit of lime in the. 
cylinder. 

Another method enabling higher comiwession ratios to^ ])e em¬ 
ployed is to admit the mixture in two sections, ,so to speak, one 
section consisting of air so rich in vapour as not to be inffcmmable 
and the other of pure air. Tin* two sections aie admitted (l) into 
a bulb separated from the remainder of the com))ustion S 2 )ace by a 
restricted neck, (2) into the main body of_the/ylinder. Ihiring 
the c()mpre.ssion stroke the air in the main bod}'^ of the cylinder is 
driven into th(‘ bulb until, at the cud of the stroke, almost all the 


air has entered, and a c(nnbustible mixture of tin*, (orrect proportion 
is formed. This ari-angeinent })ermits of only a very slight increase 
of comprc.ssion, for the limi of demarcation between a combustibhi 
and incombustible mixture is not so fine as to make it {wssible to 
ensure that the mixture in the bulb shall be not inflammable until 
the. extr(‘me end of the coni 2 )ressiou stroke. One of the j)rinci[)al 
advantages of this system is that the greater jmrt of the charge is 
not jire-heated. and thus the suction t(‘mjjeratui-e. is lower. 

In coke-oven gas-ejigines the use of watei- injection is ju-actically 
inadmissible on account of the veiy lai-ge ])ercentage of sul 2 »hur 
always jn-esent in'tliis gas. and very gieat caie must be taken to 
ensurefcthat no water shall under any circumstaiK^cs get into the 
cylinder, or corrosion will take. ]»lac(‘. very rapidly. With coke-oven 
gas-engines, however, it is genei-ally ]>ossible to use a. compi-essi(m 
ratio of from 4‘5 to 5‘.o : 1 witJiout serious risk of pre.-ignition, and 
since this gas'is of'high heat' value ami produces a high mean [U’es- 
sure, the^metihanical efficiency is,high, and a lu’ake thermal efficiency 
of 29 per cent to 31 ])er cent is obtainable. In modcirn coke-oven 
gas-engines of large siz,e it is now becoming common ju’ieetice to 
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jitlmit a certain proportion of cooled inert exhaust gases during or 
after the suction stroke, in order further to dilute the hydrogen and 
riiable a higher compression ratio to be employed. 

In gas-engines using blast furnace and some forms of producer 
oas a compression ratio as high as 7‘5 :1 can be. employed, and still 
hioher ratios would bcisafe were it not that even in such gases the 
|)roportion of hydrogen may rise considerably abov%e the normal. 
Also such ga.scs are liable to contain a considerable amount of*dust, 
the 2 )articles of which may become incandescent and causf^ a local 
rise of tempf*rature above *the ignition point of the fuel. 

Jn engines of tlic Diesel or constant-pressure type the heat i^f* 
eoiupression is relitid upon to ignite the oil, and it is important tOir 
(‘iisur(‘ that such ignition shall take place with certainty, even at 
.'starting^* when the temperature of the cylinder walls and the suction 
temperature ui'j at S, minimin^i. A failure to ignite may result in 
»;i seAerC and dangerous pre-ignition, becaus(‘ a considerable pro])or- 
tion of the fuel will be retained in the cylinder during the succeeding 
cuiiipression strok(‘, and will be vaporizi'd and ignit(id before the 
dead centre. It follows, therefore, that in such engines the com- 
jaession must be, carried to such degree .that the ignition tem- 
])erature of tlTc fuel isv’xcceded })y an am[)le margin. The'ignition 
temjteraturc of tljc various find oils under compression varies cou- 
■^ideraldy. but in the ease; of petroleum fuels ajipears to be in the 
neighbourho(jd of 800'" F. In most f)iesel engines a eompi’ession 
ratio of from 1.3 to 14:1 is employed, giving a compression tem- 
j>erature of about 1080" F. to 1100" *F. under normal running 
conditions, starting with a suction temperature of 100° F. At 


■starting, however, the suction tempi'rature is tinly about .50° F., 
and ■■sometimes ex'eii lower, so that the final t(mi])erature at the end 
of compression will be only* 8:25° F., which provides a very small 
margin. If a ioAver compression ratio than 13:1 be employed, it is 
adA'isable to heat the cylinder jackets before starting iti order to 
'■nsure a. sufiieiimtly high compression tempery,ture. Reference 
to the curve, fig. 30, aauH sIioav that a com|)ression ratio of 1.‘>:1 is 
actually too high for the best brake thermal efficiency. AVith this 
ratio the weight of the reciprocating parts, which must be strong 
enough to Avith.stand pre-ignition, will 'be so great that the 
mechanical effieieuey (exclusive of tbe’bDst air-pupi])) ^iH genertillv 
■aot exceed about 80 per c('nt, \\'ith a piston sjieed of 750 ft. jier 
minute j*nd a. mean pressure of,10f) lb. par* scpiare inch. • * 

In engines of the so-called s(‘nii-Dii'.^(‘l type, in which the fuel 
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is ignited partly by the heat of compression and partly by heat 
added from uncooled surfaces, any degree of compression can be 
employed, for it is clear that the necessary temperature can be pro¬ 
duced by supplementary heat added from the unc-oolcd surfaces, 
such engines ca'li therefore use wlnitever compression gives the best 
theimal or commercial oliieieney. The coinmeii'ial (‘tHciency of an 
engine depends large]}' upon its size, for tin* largei- the engiin* the 
greater is the ratio of,fuel cost to first cost; it follows, therefore, 
that tli,e larger the engine the more important does the therliial 
efficiency and the less iniportant does die first cost become. The 
first cost of an engine is governed ^'ery largely by the compression 
. ratio, which, other things being equal, decides the weight and thei-e- 
/ore the cost of an engine. As a ge;n‘ral rule, the highest com¬ 
mercial efficiency of a large engine of say 100 B.Il.T. per‘cylinder 
is reached when the compression ratio is about 0 |o 10:1, and of 
a small engine of say 10 B.PI.P. per cylinder when it is about (J to 
7:1; and since with the semi-Diesel engine either comjn'essrOn I'atio 
can be emi^loyed, it would follow that the most suitable ratio would 
be anything fiom G to 10 : 1 according to size. There are, howe^’er, 
reasons, which will be dealt with later, Avhv scmi-Diesid (“imines 
should not have too low a ('onuiressioii; and aithougii comjncssion 
ratios of even less than (> : 1 are sometimes emplpyed, their use (‘ii- 
tails a good deal of troubh*, owing to the large quantity of added 
heat required and the difficulty of regulating it satisfactorily. 

Suction Temperature. —Both tin* volunu'tric; efficiency and 
the com])ression temperature aie laigel}' d(*pendent upon tin* suction 
temperature, that is, the mean temperature of the gases within the 
cylinder at,the end of the suction stroke. It is obvious that if tin* 
suction temperature cun be reduced, both the volumetric <'fiic.iency 
and the compiession ratio can be increased, and very substantial 
advantages gained t]iei(‘by. ^J’he suction temjK'ratuie is govei-ned 
chiefly by the proportion of exhaust products retained in the com¬ 
bustion space, wjjich mix rvith and heat the incoming charge: and 
also by the heat given up to the iuitering gases from the hot walls 
of the cylinder, ])istoji, &c. Unfortunately the suction tenij)erature 
is exceedingly difficult to measuie, and very few exqjerimenters have 
any data regarding this point. Professor Hopkinson, in his tests on 
a Ctossley gjts-engine with a compression ratio of G'37:], found that 
the suction temperature was l' 20' K. when the temperature of the 
outside'air was GO F." ■ The atnoqnt of heat added during the ad- 
niissiori period was'therefore sufficient to raise the ternpt't^^turc of 



VOLUMETRIC EFFICIENCY—COMPRESSION 


143 


tlic iiir and gas through 220“ - 60“ F., or 160“ F. Of this tempera¬ 
ture rise he estimated that the hot exhaust gases were responsible 
for approximately 133“ F., and the hot walls of the cylinder piston 
and valves for 27’ F. 

Professors Coker and Scoble found that the suolAon temperature 
of a small gas-engine with a compression ratio of 4‘85 :1 was 257“ F.; 
pri‘siimably the heat taken up from the walls would wot acicount for 
more than about 40“ F, in this engine, leaving 217° F. tempefaturc 
i-is* due to admixture with the exhaust products. ^ 

Idiese two results repiVisont, apparentry, all the data available 
at the present time, and since so mue.k depends upon the suction* 
leiuperature it is obvious that there is a crying need for further^ 
investigation upon this point. * , 

In flr'ur-cycle engines, in which the-air is drawn dire.ctly into the 
('vlindei' from t^? outside atmosphere, it is clear that its temperature 
.cannot ea.sily be reduced below the normal temperature of the 
atmosjMieiv; but in two-cycle engines, in which the air is delivered 
to the working cylinder from a puui[). whi(!h has done work upon 
it and raised its temperature, a very considerable advantage can be 
obtained by passing it thi'ough an intiu-copler on its way to the 
wcuking cyliftder. • 



CHAPTER Xf 

DETAILS OF DESIGN 


" The iniport.'iiu'e of reclucinji the wei^lit of the reciprocating parts 
‘of an internal-co?nl)u.stion engine to the lowest ])(>.ssible limit has 
^‘Ireaclj be^n emphasized, and is fully r ealized by the desiguei's of 
high-speed petrol engines, who liax e exercised extraordinary ingenuity 
in producing light pistons. It does not, ho\'vever. a])])ear to be 
properly undei‘st()()d by the d('siguers of engini's of other "types. 

From the foregoing considerations it is obvious that the'present 
design of piston is susceptible of considerable improvement, both 
as regards reduction of weight and'lubrication. The fact that the 
piston friction can temporarily ->e i-educed to only about one-half 
of its normal value, or even less by profuse }v,bi‘i(»atioi/; suggests the 
advisability of using' a sepai’ate cross-head to take thrust, which 
could be kept cool and profusel\’ lubricated with thin oil. In large 
engines this is fre(juently done, and results in a marked improve¬ 
ment in the mechanical efficiency des[ute the increased reciprocating 
weight. 

The main objection to the use of a separate (‘ross-h(‘ad is the 
increase in the herght or length of the engine, and the conse(juent 
increase in cost, weight, and, in a horizontal engine, in floor space. 
It would seem, howevio’, that a sort of combination piston and cross¬ 
head could be made without increasing the length of th(i present 
type, but so designed that its two fuiK'tions, (l) as a piston proper, 
and (2) as a cross^head, could be trc'ated s(‘])arately. 

Thermal Considerations of Piston Design.— So far the 
design^ of the jhston has been consideivd only fi'om the })oint of 
view of mechanical friction, but it is also necessai'y to consider it 
from the point of view of heat dissi])ation. In all small gas and 
oil engines the pistons are uncooled, foi' water or oil cooling of the 
pistons pre.sents serious mechanical difficulties, besides adding 
greatly ‘ to the weight. It isj tlnucfore, d(‘sirable .to avoid the 
ncces.sity for this as far as pos.sible. Since the heat from the 
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i;(*]itro of a piston of normal design can only be dissipated either 
l)V conduction to the cylinder walls or by radiation and convection 
of the air currents on the inside, it follows that the centre gets 
vci v niiicli hotter than the circumference, which is in contact with 
tJi(‘ cylinder walls. This great difference of temi)^rature, and, in 
, (>nse(pK*nce, of expaiwion between the centre and the circum¬ 
ference, introduces serious .stresses, wliich, in large ca«t-iron pistons, 
liecoine so severe that the metal is in some (‘a.scs strained l:)e- 
\o!id its elastic limit. Professor Ilopkinson has shown tliat the 
.Stresses due •to the temi)erature' gradient across the head of a 
comparatively thin cast-iron piston may, in the ca.se of a pistwn* 
ovej- 12 in. in diameter, running at maximum load with ricli gas, be..^ - 
so gj'eat as to (^ause cracks fwin une<[ual expansion alone and with* 
jut th(f*a])plication of any external pressure. As a niiitter of fact, 
uijcooled ])i.stoi.u^ vefy much larger than 12 in. diameter arc in suc- 
.cc.s.sfnl use, but the metal re(|uire.s to be very carefully selected. 

Such pf'^tons are vt'ry thick and heavy, and are not generally u.sed 
in conjunction with very rich gas. 

ik'sides the stressi's ,sct up by the differenee.s* of temperature 
acnt.ss the head of the jjiston, there.*i.s also thp danger that the centre 
will become ho^i as'to cause jjremature ignition, for the tempera¬ 
ture of the ci-ntre of the piston varies as the s(|uare of the diameter 


if the thickne.ss is con.stant and directly as the diameter if the thick- 
iie.ss is in projjortion to the diameter, 'i'his trouble is particularly 
common when the ])i,ston becomes encrusted with carbon, which. 


lieiug a jjoor eojidu(;tor of heat, gets considerably hotter than the 


metal. Numerous experiments have been made by means of thermo¬ 
couples by Profe.s.sors Ilopkinson, Coker, .and others, to qsc'ertain the 
dih'erence in t(‘mperatur(! that exi.sts in different parts of the head 
of a piston. The results of these experiments are illustrated in 
tig. 32. It would .seem that an engine using a piston rod and cro.ss- 
lu'ad would be in a. better jjosition from this point of view, sin(*e’a 
con.siderable, proportion of the heat im|.Kirted to the centre would be 
conducted along and «lissi])ated by the piston rod, .so that in such 
engines larger pistons e<tuld be used Avithout the neet.s.sity for*Avater- 
‘•ooling. Quite recently certain alloys of aluminium containing about 
12 per cent of (topper liave been suggested for the pistons of aero¬ 
plane engines and al.so for raeine; motoi'-iair eimines. These allovs have 
oeen .surpii.singly successful in experimental engines. Khoiild their 
siKjcess l)e fuljy established it is obvious tlyif a very great advance 
will have been inudct, for not only is the weight of these alloys very 
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much less than that of cast iron or steel, but what is even more im¬ 
portant, their conductivity is very much greater, so that it seems 
quite possiide that very much larger uncooled pistons could be safely 
employed, for, even if for the sake of conductivity the thickness of 
the head were increased by 100 per cent, they would still be much 
lighter than (“ast iron. # 

The ihstop lings tliemselves do not call for any particular com- 
meiif. Although numerous types of rings have been tried with 
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more or less success, the ordinary .sjdit eccentric Ramsbottoin tyj)e 
is still the general favouiitc, and indeed, if cai'cfully made from 
a suitable gi'ad(‘ of cast iron, there is very little fault to be found 
with iV, while its sinijilicity and low cost of jiroduction conqiared 
with other and more fancy types arc veiy much in its favour. 
Such rings should be gnound bfgh on th(‘. sides as well as on the 
woi'king face. ^ 

There is much difference of opinion both as to the most desir¬ 
able stifincss of spi-in^ .timsioir and as to the width, of the ring. 
With rfgarfl to the former, much must necessarily depend upon 
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tlio accuracy of workmanship. When the liner is accurately bored 
oi- ground, and the piston so designed that there is little distortion 
<li]e either to expansion or tlie transmission of pressure through the 
walls of the piston carrying the rings, there can he little doubt but 
that very light rings may be used with advantat^c, for not only 
docs the use of light rings lesscm the friction losses, but it redueos 
also th(‘ wear both of the rings themselves and of thp*cylinder walls. 
On tlu‘ other hand, light rings naturally tak(i longer to IxmI, and 
anIII not accommodate; themselves so readily or so (.juiekl}^ to lack 
of roundiies.% in tlic liner,* &c. When the workmanship is of high 
<-Jass, it is found that a spring tension of about 4 to 5 lb. per square 
iii^h is sufHcient to ensure gas tightness. The spring tension irv 
terms of pounds per squaro inch on the surface of tlu* ring is, of 
course •‘independent of width, and is-I'ontrolled solely.by the radial 
thic kness of tl^e riflg. The ^pwer limit of spring temsion is reached 
, when the friction against the side of the groove due to the third 
prcssilte on the exposed side of tin; ring exceeds the spring tension, 
so that the ring becomes locked in its groove, and is unable to 
expand during the period of high gas pressure'. This again depends 
to a large extc'iit^upon the clcaran(*e between the lands on the piston 
and the cylftider walls* which controls the area of ex])os(‘d sui face— 
the smaller the. clearance, theivfbre, the less spring pressure is 
lecjuired. It depends also, to some extent, upon the clearance of 
till* erosslu'ad portion of tin* piston. 

As to the width of the ring, there can be little doubt but that 
the narrower it is the better, on the sedre both of fi’iction and wear 
in the ring-grooves; for in regai-d to wear, the area of the suiface. 
in ihe ring-gi-ooves is gov(‘rne<l solely b}' the radial thickness, while 
Ixah the inertia and the. friction drag of the rings is directly ])ro- 
porlional to the. width. It follows, therefore, that the loadings on 
the sides of the groove and therefore' the wear will increase dii-ectlv 
in jiroportion to the width of tlu“ ring. Wi'ar in the ring grooves is 
pi'ihaps one of tin; most troublesome fi'atures to eontejid with, for 
once a ring becomes slack in its groove its reciprocating motion 
tlierein converts it into a very etlicient pump for pumping oil uj) 
into the combustion cliambei'. 

In practice the. minimum width of a qiiston ring is determined 
largely liy manufacturing considerarioys and its fra.Lylity in hand- 
hng, but, generally s[)eaking, a ring should be a.-^ narrow as is 
consiat(;nt wjth ease of handling ;Tnd of mlinufacture. 

Frqrn the foregoing considerations it would appear that the 
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main features to be aimed at in the design of a piston for an 
internal-com])ustion engine are:— 

1. It sliould be as light as possible. 

2. That portion of the piston which is reipiired to perforin the 
functions of a crV»ss-hcad should be designed as such, and due atten¬ 
tion paid to the selection of suitable mati-rial, lubrication, and 
adjustment for* wear. 

3. That portion of the piston which is required to function as 





Fig. - Tyjticul Cia&-eiignie Piitoii (Ku^ton J’nictorj 

f» 

< 

a piston ptire aiicl simple sliould be designed so as to dissipate the 
heat in the most eftieient maniu'r; it sliould combine the necessary 
strength with the minimum weight, and sliould be made of a 
material sutiiciently elastic to withstand wide variations of temjiera- 
ture without seriopf^ loss of strcuigth or the setting up of dangei’ou.s 
intermd stresses. 

4. Provision should be made for the free escape of any gases 
that may pass the piston rings, so that they shall not interfere with 
the lubrication of the cros's-head portion of the piston. 

0 . IVovisi/jiJ should be made foi- the free ventilation of the 
piston proper. 

• G. Ti»e piston proper should* n^t receive any of the thrust due 
to the angularity of the connecting-rod. 
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7. For the sake of reducing the weight, tlie i)re8sure upon the 
piston should be transmitted as directly as possible to the connect¬ 
ing-rod. 

Figs. 33, 34, 35, and 36 are shown to the .^ame scale—33 
i(‘|)resents a typi(;al ggs-engine piston, 34 a typical petrol-engine 
<‘ast-iron piston, 35 a special steel p«itrol-engine jyston as used 
for racing motor-car and aero engines, and 36 a gas-engine fiiston 
<if*a design propos(‘d by the author to fulfil the requirements set 
forth above. • I • • 

(.!onsidering first the two jhslons sh.own in figs. 33 and 34, tin*' 
<*oiiditions under which tliey work ar(' very similar. The petrol-, 
engine piston is subjected to,much higher temperatures,-but is con- 




sidej-ably the .snialler of the two, though the actual power output 
]'ci- piston is but little different in the two cas(vs. A glance at these 
two designs will show that the designer of the p(!ti'ol engine has 
rc.ilized the importance of reducing the weight of the })iston, and 
also that he has confidence in the ability of 1»lie fouiidry at his 
<lis[)osal. Both pistons are of the same type, the princi])al difieretice 
heing in the disposition of the metal. 

'file pi.ston shown in fig. 35 is machined from a solid steel billet, 
and its extreme costliiu'ss is an indication of the importance which 
Us designer attaclu's to light weight. In this d^.sigii an attempt 
has been made to convey the pressui'c direct from the centre of the 
pisi(jn head to the connecting-rod, and at the same time to dft.sipate 
some of the heat from the ciMitre, by the provisioioof a central ])in 
connecting the gudgeon ])in with the [)iston»head. By doing this the 
designer is enahled to reduce the thicl<mess both of the head and walls 
to a considerahle extent, and so to ])roduce an exceedingly light piston 
'con 


ami gudg- 


jnn. The dt'sign is nx)st effeyttve, and its use«enables 
the partjcular engine to which it is fitt<‘d to run at an extraordinarily 
high ^pCed without undue vibration or frictimi lo.ss. This <lesign is 
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ingenious, too, from a manufacturing point of view, for it is obvious 
tliat, if the liole for tlie gudgeon pin is drilled first, and the hollow 
part of the piston machined out afterwards, leaving th(‘ central pin, 
then the end oi this pin can be relied upon to bear truly upon the 
gudgeon pin without any intricate fitting. f> I’lie objection to this 



Fig. .T, 

I • 


design is that tlie cross-head portion of the piston is of steel, an 
unsuitable material from the point of view of Inbj-ication and wear; 


jievertholess it is an ex/zeedingly*clever piece of design. 

’'Pile d(‘sign .shown in tig. oG is intended' l)y the aiitlior to fulfil 


the various conditions enumerated above. It is not .suui'e.''ted 
that it would be suitable for small engines. It will be seen that 



the design is a (jomposite one, embodying a })iston propei-, and 
a cross-head connected by a slitat hollow piston rod. The piston 
proper 'is of^ foi-ged steel or'possibly of aluminium alloy. It is 
mac hined considerably smaller than the cylinder, and is not intended 
to bear, upon it at all'. . Since <1110 pressure is transmitted ^directly 
from the head of the piston to the connecting-rod along the large- 
diameter hollow piston rod, it follows that the head can kept 
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very thin and light. The heat is dissipated partly through the 
piston rings, direct to the cylinder walls, and partly along the hollow 
]listen rod, which latter may be provided with a few. small radiating 
tlaiiges to assist the cooling. The cross-head portipn of the piston 
is designed upon the ^irthodox lines of an ordinary steam-engine 
eross-ln^ad, with adjustable slippers. The slippers, which are made 
as light as })Ossible, may be facted with anti-friction metal. * 

■ Such a piston could probably be made to weigh less than half 
as much as jm ordinary fcast-iron piston.* Its cost, of course, is 
considerable, but when it is considered that its use should enable ^an* 
engine to run at about 40-p(‘r-ccnt higher speed than is possible 
with an ordinary ty]ie cast-irpn piston, with the same or Jess friction 
loss, th<? extra cost may be fully justified. 

The iinj)ortance«of reducing the weight of the piston from the 
point of view of balance should not be forgotten, but as this side 
of tht>.(pi('stioii is dealt with under the head of Balancing, it is 
unnccessaiy to reit(;rate it here. 
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In tli(‘ arruiigenieiit of the combu.stion Lend and valves tlu^ 
jlesi^ner Ikis to eonipvomise between a eoiisfder;\l)l(> mmiber of 
conbietiuii’ ret]nirouieiits, and Itefore deeidini*' upon any final Uminoe- 
inent, he must take into account all tlie various purposes for which 
his ])articular engine is likely to be used, and niahe up Ids inind^ 
whether the chief aim is thermal efficiency, volunu'tric efficiency, 
mechanical strength, good goveiiiing oaci' a wide range of load and 
speed, or low cost of production. Jlis choice of arrangement will 
also depend upon the size of thc,.(M)gino, and whether it is intendeil 
to manufacture it in single-cylinder units, inultiply-cylkidcr units, or 
both. . Before discussing the \ arious arrangements now in usi* it will 
be well first to tabulati! the conditions which the ideal combustion 
h(‘ad and valves should fulfil from the wirious points of view. 

1. Thermal Efficiency.—! .!i(‘ combustion head and valve 
dis[)osition should be such as to present the smallest possible surface 
to the gases, in other words should be hemispherical or nearly so. 

2. Volumetrir Efficiency.- The valves should be of such a 
size that the mean gas vidocitv through them shall l.>e betweiui the 
limits 100 to 180 feet per second, and the area of the passages 
leading to them should be greater than that of the A'alve ])orts. 
The gas passages should be free from any sharp angles or sudden 
changes of an‘a,, "and the disposition of the A'alves should be such 
that the jiipework leading to and from the cylin<lcr will satisfy tlu' 
same ('onditions. The valves should be arranged in the combustion 
head in such a way that the fna* flow of the gas is not ri'stric.ted by 
the too c,lo.se proximity of the walls, in other woi-ds they should open 
direct into the cylinder and net into a restricted ])ockct or chamber. 

8. Mechanical Strength. —The combustion head must be 
designed with due regard both to sti’iniglh and the ra[)id dissipation 
of heat, and the disposition of the Valves must not be such as either 
to seriou.sly weaken the,head or obstruct the free How of the ttiTxuhit- 
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iiig water. The thickness of metal throughout the combustion head 
.should be as nearly uniform as possible, both to ensure a sound 
casting and to prevent wide ditferences in teinpei-ature with the 
consc(jucut serious danger of cracking. It is, moJeover, desirable 
tliat the A'aives should,^>e so arrangcfl that, in the event of the break¬ 
age of a valve stem or (totter, they cannot fall into thj‘ cylinder. 

4. Good Governing. —It must be remembered tlnit in if four- 

c}‘cle engine the products of combustion are not entirely expelled, 
iind thiit tli^ cleiirance sjiaee is* left full of exhaust gases at, or 
slightly iibovc, atmospheric pressure. , , • 

In eases where the metlnxl of governing by throttling the mix¬ 
ture is employed, ilnd this iji almost the oul)' priietical .method for. 
gas-(‘ngines which an^ ivxjuircd to deal with very widely varying 
loads, the proportion of fre.sh eharg(i drawn in m.-iy’be S(j small, 

^ comiiiiivd with* the residual exhaust gases, that, if it mixes thor¬ 
oughly* with them, it becomes so diluted as to b(* non-intlammsdde. 
To obviati; this a ceitain degr(‘e of stratification is es.sential, and 
it is desirable that the iid(‘t valve and the, ignite/ be separated to 
s(jme extent from the main body yf the cylinder, in older to ensure 
that there siiall td'''ayB be a small projiioi tion of fresh gas in close 
proximity to the latter, (itlun-wise tin* engine will not fire regularly 
on light loads. This condition ajiplies only to explosion engines. 
It is directly opposed to tin' conditions governing thermal and 
volumetric (‘fhc.iency. 

5. Cost of Production. —The oombustion head should be 
dosigiied in such a way as to ket*p down the cost of manufacture', 
and the valves should be ari’anged so that fligy can be operated 
in the simph'st jios.sible manner. The disposition of the valves will 
depenrl upon whether the c}Tinders art' to bt' horizontal or vertical, 
the number of cylinders, and, to some extent, upon tlunr size. 
Although horizontal valves mav be used with satisfaction in snrall 
engines, their employnu'nt in large engines, wiien their weight 
bt'comes appreciable, is said to be undt'sirable^* 

A number of diffei-t'iit Aalve arrangements favoured by*\aiious 
designers are illustrated in fig. 37, and it is interej^ting to examine 
tlu 'se and see how far they c,onform t(^ the ^'onditions set down above. ' 

The arrangement illustrated at •a is a very popular* one for 
vertical enginc'sl ('specially Diesel (*ngines. *1t is also some¬ 
times em])](^’cd for stationary gas-enginesi, and oecasioyally for 
motor-car work. It fulfils tin! first and second conditions fairly 
>vell,^ut, where very high speeds are reipiiivil, it has the disacl- 



154 


THE INTERNAL-COMBUSTION ENGINE 



» \ 


vauta^c.that it is not possible tq. fit valvtis large, enough for the best 
volumetiK'/ eliieieiicy, unless the tt>p of the cylinder be enlarged, 
which is detrimental because it increases the area of surface ftjf^osed 
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to combustion. From the mechanical point of view it is a ])ad 
:iiT{i.ng’(unent, for it seriously weakens the combustion chamber and 
interferes with tlie- free flow of the circulating water; consequently 
(•jacked combustion heads are fairly common wheA this desipjn is 
a|>})]ieil to large engiii^is. From the point of view of governing it 
has nothing to recommend it, but it provides an ine;xpcnsive head, 
an eihcij'nt form of combustion clnnnber, and a simple valve* gcjir, 
especially in the case ot multi-cylinder engines. 

The jirrajigement shoVn at B is probaldy the b('st from the 
point of view both of thei'inal and volijimTric efficiency, and is tjie* 
di^)ositi(HJ fiequently employed by designers of peti’ol engines for 
gcTting the niaximhiii of pciwer out of a given weight ^and size o^ 
vngincf* From the governing jaant of view it is bad, but it does 
jiot weaken the cfmibustion head, nor does it interfere with the 
water «irculation to the same extent as the foiiiier aiTauffement. 
The |>i»inci]ial objection to its use is that it is costly, both as regards 
the combu>tion head and the valve ceaj'. 

The arrangemejjt shown at r is one that is ’occasiojudly em- 
])loyed foj- petjol engines. The iyJet valve^ being in the cylinder 
licad, can iK^maifv of.hiige diameter without weaketiing the head or 
interfering with the Avater circulation, consequently the volumetric 
efficiency is good, otherwise there is little to be said in favour of 
this desigjj. 

At 1) is shown an ari’angemcnt frequently adopted for both gas 
and jjetiol cjigines. In this ease the inlet A'ah’c is usually above 
the exhaust. This disposition compromises between conditions 
I and ‘ 2 . foi', from i thermodynamic point o£ Auew, the area of 
Avater-eooled surface ex]K)sed to the gases is not A’ery great, Avhile 
it is easy t<» proAude ample vjdve area and at the sjime time retain 
a inodei-ately comj)aet clearance space. If the igniter be fitted in 
the pocket betAveen the tAA’o A’ah'cs, it is probably the b(‘st aiTangc- 
iiieiit for engines Avliich are requinal to run AviHi AA’idely A’aiying 
loads, Avhile the valve gear, though not the cI1eh])est and simplest 
possible, design, pi-esents no scri(»us difficulties, {ind has the adflitional 
adA%'intage of being etpially suitable foi- single- aijd multi-cylinder 
engines. With this aiTangement the A;alA’e chamber is integral • 
Avith the cylinder body, jind the combu.stion head is simply a Hat 
Avate.r-cooled phife. In .simdl engines it is not uslial to fit a sepaiato 
head, but to cjist the cylinder and. head hi*one piece; in ,any ca.se 
the design pie.sents very little tlifficailty as regards the mechanical 
featui«es, and does nf)t obstruct the Avater ci.ijculation. In A erv large 
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gas-eugiucs, however, cousiderable trouble is experienced, owing to 
the difference in the expansion between the inner and outer w^alls, 
and cracks are liable to occur in the water-jac.ket at the point w^here 
the jacket wall round the valve pocket joins the inaiu-cjdinder 
water-jacket. ^ 

At K is slnpvn by far the most popular arrangement for all petrol 
engines with both single and multiple cylinders. Its chief claim to 
favour is its low cost of produciion, for it is probably the clu'apcst 
of all forms, and, from a mauuf&cturingl' point of viqw, has many 
'features to recommend it. . For instance, if is ])ossible to make the 
^ inlet and exhaust valves identical in all resjiects, and tliercfore inter- 
.changeabloi also, by providing detacljable cov('i-s over the vaha.vs 
through which thev can be withdrawn, it becomes unneceftsarv to 
use separate seatings and cages. Again, the A’^dvc' gear is equally 
suitable for single or multi-cvliuder engines. Fi’om the >:oint of 
view of thermal and volumetric efficiency, and also of governing, it 
is not so good as d, while so far as mechanical strength and the 
dissipation of htat are coucan'iied it is also inferior to d. 

I’he arrangement shown at used to be vei)' poinilar for small 
multiple-cylinder engines, but it lias been .fdniost coF‘i[)letely dis- 
(larded in favour of E, which has most of the ad\ ;mtages of F, ami 
is simi)ler in every way. This ari’angenient is, howe\'er, still occa¬ 
sionally us(‘d for small multi-cylinder ])etrol engines which arc 
re(|uired to run at very high speeds, for it is ])ossibl(? to fit larger 
valves in this type without lengthening the engine to the ext<‘nt 
necessary in the case of e, with all the A alves on one side. Thernio- 
dynaniically, the tb'sign is a bad one, for the area cx[)ose(l in pro¬ 
portion to the volume* of the combustion chamber is excessive. It 
has, however, the merit that the pi])ework is extrenn'Iy simple, a 
point of considerable importance in multi-cylinder enuiiie.s. 

• The arrangement shown at g is seldom used in vertical engines, 
but it has some‘distinct advantages. It combines little cooling 
.surface and'good j^dverning. It is really a modincation of D with 
the vaK'es placed horizontally insti'ad of veitically. As in the case 
of the arrangenjenl shown at n, the valves are not very easy to 
• operate, [iiid on the wh^dt^ this <lisposition is more suitable for 
horizontal than for vertical engines. 

The ai-i-ang(‘nieiU .shown at H has become ])ractica]ly the .standard 
arrangeipent for hoiizofiital single-acting engines; and, indeed, it 
would be hard to find a better disposition, for. although it is not 
possible to fulfil all the/conditions enumerated, it certainly |Ayii’ide.s 
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a very fair compromise, and the valve gear as applied to single or 
multiple-cylinder horizontal engines is exceedingly simple. It is, in 
fact, probably the ideal valve disposition for single-acting horizontal 
engines, but it loses much of its charm when applied to vertical 
cylinders. * 

The design, both o^ tlu*. valves themselves and of the cams for 
operating them, is a matter of first importanw', espe^dally in very 
high-speed engines, and here as in many instances one must'turn 
to the modern high-speed petrol engine in order to see w’hat^can be 
accomplished •under extrenife conditions. It Inis already been .stated 
that, if the valves lie .so designed that the velocity through them be 
aliQiit 130 ft. ]»er .second, a very good voiiiraetric (‘fticiciuw can be 
olilained, and at tlie same thne there will be sufficient,'turbulence/ 
vitliin the cylinder to ensure rapid combustion. The figure, 130 ft. 
]icr second, is bji.sed'on the a.ssuin]ition that the piston is travelling 
,at a unTforni .s])eeil. ami that the valvi's are fully open throughout 
the whole of the stroke. From tin* aliove con.siderations it follows 
that the ;irea of the opening through the Amlve is solely dependent 
upon the ])iston .s])eed, and for a ])ist(ui .speed of, say, 720 ft. per 
luimile. the (‘ffective area .should lie 


720 


(iO 


"" i so ^ “ 9'22 per cent of the area of the piston. 


In Older to obti i a liigli volumetric ctficienev. it is desirable 

■ 7 ' •/ ' 

that the valve shal 0])en and close as rapidly as jio.s.sible. Tlie 
actual rate at which it can be opened i^, in practice, governed by 
the sjiring tension whicli can be (*m]>loycd. The .spring tension 
again is governed as an upper limit by the .spaw aA"ai],able, and as 
a lower limit in the case of the exhaust A’alve by th(‘ tension 
I'Ccjuiivd to kec]) tin* valve closed wlnui the pre.ssure in the cylimh'r 
is I'educed by throttling. In very high-spet'd petrol engines the 
upjicr limit is the controlling one, but in the case of gas or oil¬ 
engines, running at a I’elatively .slow sjn'ed, this*limit^ is not ap- 
jiroached. It is interesting to consider the problem of valve opera¬ 
tion in relation to the hypothetical gas or Die.sel engine which has 
been examined previously. This engine runs at a*piston speed of 
720 ft. ])er minute, and, as shown above,* the effective Avalve area 
ri'fpnred to give a mean gas velocity eff 130 ft. ])er .secoiyl throughout 
the stroke* is 9'22 per cent of the area of the piston, or, in this case, 
approxiipately 10‘5 .s(|. in. It may*be a.ssiinled that the lift of the 
valve is (*(|ual to one-quarter tlu^ diameter of the port, so that the 
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area of opening will be etjual to the port area. The diameter of the 

port will be a/ ^^-7 = 3'65 in., or, allowing for the area of the 

valve stem, say 3*7.5 in.; the lift will then have to be approximately 
0‘9 in. Tlio o^Vrall diameter of the valve head will be about in., 
and its total reeipi-ocating weight, eomjdet# with cap, ont‘ half of 
the valve sining, and such of the actuating mechanism as may be 
regarded as reciprocating, will amount to about 16 lb. We will 
assume^ that the spring tension must be such that when the valve 
is closed it will resist aiix' ])ossib‘le diffetence in piessure on either 
side of it. In the case of .the exhaust valve; when the engiiu* is 
•. running light under throttle control, this may amount to 10 lb. .yjer 
.^square incji. and sinc(‘ the area of the [)ort is 10'5 -stj. in., the 
minimum .spring tension required when the valve is clo.sed*'will be 
105 lb., or allowing a n'a.sonaldc' margin, .sax- liTO 11).^ when the valv’e 
is at I’cst, but as the valve opens the spring i.s fuilher conT])re.s.sed,, 
and it.s ten.siou therefore increases. Dining the first ])ortiofr of the 
opening period the valve is forced open l>y the cam until it has 
attained its maximum velocitx^ and the load on the cam during this 
period is equal to the.spiing tivision, plus acceleration; during the 
second portion of the ojiening period the* hrad on th(^*‘cani is equal 
to the .spring ten.sion minus the acceleration. Similarly as the 
valve clo.ses the load on the cam i.s the dillerence between the s})ring 
tension and the accideration duriiig the first portion of the pm'iod 
and the sum of the two during the latter pcj-iod. Since it is 
de.sirable to open and clo.se‘the valve as rapidly as ])o,s.sibl(‘, tlu* I'ati* 
of acceleration should be such that the ineifia i.s almost equal to tlu* 
spring ten.sion at •the time xx'lien the x'alx'c is half ojien. If tin* 
inertia (‘xceeds the .sjuing tension, then it is (*lear that the xalve 
and actuating mechanism xvill not follow the cam. Th(‘ maximum 
rate of orjening and closing i.s obtainiid xvhen the inertia, due to 
acceleration, ju.st balancics the .spring tension during the lattcn* 
[lortion of the ojiening and the earlier portion of the closing period. 
It should be noterVthat the spring bec.omes a controlling factor only 
after tlie valx^e is half open, consecpiently if its tension xvhen clo.se<l 
is 120 lb. pei- .s«piare inch the ten.siou xvhen the .s])ring is playing an 
active ]airt i.s probably not le.ss than 150 lb., dep(*nding u])on the 
normal rat^ ” of the .spring.'' If xve a.ssuim? that the ac('.eleration 
is con.stant throughout the xvhole period of ojx'ning aTid clo.sing, 
then it-is clear that the, rate, of ac.c.eleration must be ,such .that the 
inertia of the x'alx'c and ac-tuating nle<‘hani.sm does not exceed 1 50 lb. 
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The muximiim permissible rate of acceleration may be found 
from the formula, 

“ = W’ 

where a = the acceleration in feet per second per second. 

W = the woigilV of the vah e and tin* reci[)rocating mass in lb. 
F = the spring tension in lb. * 

(j = the acceleration due to gravity, viz. 3‘2*2 ft./sec.*'^ 

In this ca.se the equation btscom<‘s,. 

150 X 3:^*2 
16 


a = 


= 30r9 ft./sec.‘\ or, say 300 ft./sec.“ 

•* 

With an ucc(‘ler;ition of 300 ft. sec." the time Uiken during 
one hal^ of the*opening or closing period may be found from the 
*formu]}j., 

' = Vt' 

where h = lialf Hie total lift in fee.t = 0‘0J175. 
n — flceeleration = 300 ft. si'c." 

t = tlie time in seconds for lialf the u.scent or descent.* 


Ill this-case. 


/o'o75 
^ 300 


50 


= 0‘02 sec. 


The total time of opening or (‘losing is thi'refore 0‘04 sec. 

Ill the case of tin' engine under coii 8 ideratioi>the tinie occu])i(‘d 
by each stroke is OT25 see. Tlie total pcTmd during whicli eitlu'r 
valve is olf its seat will, liowevei', be about 220 degrees, and the 

220 

time of oiiening will therefore bi* ^ x 0‘125 = 0*153 si'c. (.)f 
‘ 130 

this period o[)einng and closing talo* up 0*08 sec., leaving 0*073 sec. 
during which the valve ma) nmiain wide open. Expressed in 
(h'grees of crank-angle, 115 degrees of the oiiening period is* taken 
up in opening and closing the valve, leaving 105 •degrees during 
which the valve is held wide open. This vepresents the most rajiid 
opening possible assuming • ^ ' 

1. That the weight of the valvi' and suidi parts of its actuating 
mechanism as may be considered to^comjni'^e'the total recipwicatiiig 
muss amount to 16 lb. ‘ 
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2. That the spring tension when at rest is the lowest compatible 
with holding the valve shut under tlie most extreme conditions of 
tlirottling, and that its “ rate ” is sucli that wlien half open the 
tension is ijicreased by 20 i^er cent. 

3. That the' acceleration is constant throughout the whole period 

of opening or closing. / 

In regard *to (3) it is not essential that the acceleration should 
be constant throughont the whole period. So long as the inerthi of 
the valve is not controlled by 
the spring, that is to’ say, 
dnring the first portion of the 
opening ])eriod, and the last 
'j)ortion ctf’llu* (‘losing, a very 
ninch highee rate of accelere. 
tion may be used if necessary. 

This affects the loading on the 
cam only, it does not affect 
the spring exce])t, in this re¬ 
spect, that under these cir¬ 
cumstances the change' in ac- ' 
celeration, from positive to 
negative, takes place earlier 
in the period when the spring 
is less than half compressed. " 
and its tension therefore some¬ 
what reduced. Excej)t in ‘ex¬ 
treme eases it is not desirable 
to 0 ])erate with a high staiting 
and closing acceleration because, unless the clcaiance between the 
valve stem and the locker beam is very carefully adjusted, the valve 
is liable to close down on its seating at a fairly high velocity, thus 



causino- noise and undue wear and tear. 

The customary method of operating both the inlet and exhaust 
valves in a horizontal gas-engine is shown in fig. 38, which repre¬ 


sents a cross-section through 


the valve chamber of a large Crossley 


gsis-engine. Iirthe example shown governing is effected by varying 
the lift of the inlet valv'c instead of by throttling. This is accom¬ 


plished by introducing a movable fulcrum for the inlet rocker 
lever, operated by the governor. S(^> long as tin* valve is at rest on 
its seating the fulcrum ‘irm (?afi swing fieely and without friction, 
•since it is not in contact with the inlet rock(*r. This is a very neat 
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and simple method of varying the inlet valve lift, and is certainly 
niost attractive from a mechanical point of view. 

In many of the large double-acting engines, and in some of the 
larger examples of the single-acting typo, the valves are operated 



by means of occcntrics on the side sliaft. In this case the requisite 
motion is obtained by tlie. introduction of a syst(*m of rolling levers 
between the eccentric rod and the valve. ' Tliis metliod offers great 
■a I vantages, parti,ciilaily when the Vidves are ^at a, consideralde 
distance from the. side shaft, since tlu' inertia of the nieehanism in 
i<olh (lisecticwis is taken care of b3’^*tlie (‘c<<i‘htries. Thus the valve 
«pringt^ are greatly relieved, and have little more than the inertia 
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of the valves themselves to o\'ercome. By the use of this system, 
it is possible to operate a very considerable number of valves from 
a single side shaft and a single })air of eccentrii's, as shown in fig. 39, 
whitli reijresents a large 4-c}linder horizontal gas or oil-engine 
built by Messrs. Huston Pi-octor & Co., of Iducjoln. 

Cooling of Valves. — In the (*.a.se of fiie exhaust valve, pro¬ 
vision has to he made for dealing with gas at an exceedingly high 
temperature' on both sides of the valve, and means must be provided 
for withdrawing the heat, from the valve head as rapidly as possible, 
f In vei’v small engines the area of the valve is general'ly so small in 
relation to its circumference that the heat Cfin be conducted from 
the eenti’e To the seating without difiicultv, .and tin* inlet and 
Exhaust ^alves can therefore b(* niade‘identical. In large engines, 
however, wlrere the area of the valve is gr(*at, thei-e is a <langer of 
the centrt* becoming so hot as to cuu-e prematur?. ignition, also 
distortion and leakage. To obviate these <liliiculties, very largt; 
exhaust valves are sometimes math' hollow, and cooled by waUu- 
cireidation. This is certainly i'lfcetive, but from a mechanical 
point of view it is no easy matter to maintain a (X)ntinuai supply of 
water without leakage.’ As a gmieral i-ule, watei-cooling of exhaust 
valves is not adopted, designers })refeiTing to obviate pre-ignition 
by the use of a lower compression ratio, or a lower mean j)ressure, 
even at the expense of a small percentage of thermal t*ltic.icncy or 
power. To avoid water-cooling, it is a common j)iactice, iji large 
iincooh'd exhau.st valves, to use veiy heavy valve heads, and to 
maintain a toh'rably uniform temperatiii-e across the head of the 
valve by employing a great thickness of metal. 1’he heads are 
usually made of hard cast iron, cast in chills, in order to ])rovid(! 
a verv hard wearing face, and it is found that this material suhers 
less than steel from the sc(U’ing or erosive efl’ect of highly-heated 
gases i)a.'«sing over the seating at an ('xceedingly high velocity. 
The stems are UjSually made of nickel steel, and are screwed and 
riveted inte the head. In some cases, however, both the heads and 
stem.s t‘ire of c-ast 'iron. The A'alves shown in fig. 40 are typical 
examples of those used iri the best inodein gas-engines. 

In order to withdraw the h(*at from the exhaust valves as rapidly 
as possible, the stems are* sometimes made of rather huge, diameter, 
and are pj-ovjded with water-cooled guides, which are carried as close 
up to the head of the valves as po.ssible. One of the principal sources 
of trouble expc'rienced fo a grcatei; or less degrt'ic with all exhaust 
valves is the burning of the stem just under the head of the valve 
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Tlio skirt itself, being made of cast iron, does not burn so readily 
as the steel stem. This arrangement certainly protects the stem 
admirably, and has much to recommend it, but, since the skirt has 
to pass outside the guide, and is necessarily of (‘-onsiderable diameter, 
the effective area of o})ening is somewhat limited. In smrtllcr slow- 
rimning engines, the dilti('.ulty is usually i/.et by the simple ex¬ 
pedient of using a lieaviei- valve .stem, but this, as has already been 

sliown, increases th(‘ strain on the junction 
betw(‘en the valve head and spindle. 

In sniall higli-speed })etrof engines, the 
jnoblem is very succ(‘ssfully met by the 
employment of tungsten steel, better knovvn 
as high-speed tx>ol st(‘el, for the whole valve; 
this metal retains its tensile strength over 
a veiy wide, range of tera]:)erature and 
sulfers very little from corrosion of burn¬ 
ing. Any local weakness is avoided by 
Fig. 41 ^ the provision of an am])le radius under the 

head. Such steel, however, which gene¬ 
rally contains about *30 per (tent of tungsten an/1 4 per cinit of 
chromium, is ditticult and expensive to machi'ne, timl if is doubtful 
whether it eonld be successfully ajiplied to larger engines; it has, 
moreover, tin* disadvantage that it scales mori* rapidly tlian .nickel 
steel. To the engineer acenstomed to large slow-running engines, 
it is amazing to .sc(‘ uhat tliesc exhaust valves will stand, for th('y 
appeal- to be abli; to run ct^ntinuously at an migiiie speed of over 
3000 IMAM., with not only the bead, l)ut a considerable ]»ortion 
of the stem,, also ?it a red laait, and this without distortion or 
stretching, whihi the breakage of exhaust valves, even in racing 
petrol engines, is now a matter of rare occurrence. 




CHAPTER XIII 

PIPEWORK 

• • 


Design of Pipework. —It hua b’ceii stated that if the opiTiinir 
tt)roui>]i the inlet* valve he sueh that the gas veloeify does not 
ex(*(‘e(j, 1J30 ft. ])ei“ second, an exei'llent volumetric ehicioncy can 
be obtained, but ^lis is true only provided that tla^' passages and 
pi])ework leading up to or from the valve are correctly designed, 
and 4*^0 that the valve opens freely into the cylinder. If the valve 
is placed in a pocket in the cylinder, as is usually the case, care 
must be taken to ensure that the contoui- of the wnlls of the pocket 
is such that the gases eiitei’ the cylinder at a steadily decreasing 
veloi'itv, and that neithei' thc'ii’ direction nor their velocitv are 
<‘lianged too abiaijitly. The same thing, of course, apj)li(‘s^to the 
e.xhaust valve: tlu‘ gases must be steadilv aia-elerated until their 
velocity reaches a maximum as they pass through the opening of 
the valve, and then steadily reduced again. In the design of the 
valve ])orts and cx^linder, the p]‘inciphv>f the venturi tube must be. 
borne in mind, the opening of the valve being regarded as the throat 
of th(‘ venturi. In addition to this, there is yct^another point to be 
considered, namely, tla‘ inertia of the gases in the inlef and exhaust 
])i])es. and under e.ertain eircuinstances this inertia may be made 
u.se of to inc.i'eas(‘ the volumetric, ethciency. 

Taking first the case of a. single-cvlinder engine of the hmr- 
cycle tyjie, which draws in a charge of ail’ or combustible mixture 
everv fourth stroke. At the moment when fclft" iidi'f valve first 
opens, the air in the pipe may be assumed to be stagnant, find the 
jiiston practically at I'est on its inner dead centre. As the piston 
travels outward on the suction stroki* the vidocity of the air is 
accelerated. At about mid-stroke .the piston will have •attained 
its maximum velocity, but, owing to*the inertia of*the air, there 
will be a certain amount of lag, dij]lending .upon the length of the 
pi])e anti tin!* widglit of air in it, consei|uently the air will not have 
attained its maximum \'elocity until after tjie piston has jiassed the 
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mid-stroke and is slowing- up again. When the piston has readied 

tlie outer centre and come to r(*st, the air in the pipe will still he 

travelling at a high velocitv, and will tend to sujierdiarge the 

cyliiid(*r. In oflie.r words, during the first portion of the suction 

strf)ke, work is done on the air in acua'lerati^ng it withiu the pipe, 

and during tl^e second portion some of the kinetic energy tlius 

geneifited is converted into static pi‘(*ssure. The timing of the inh't 

valv(“ should be such tliat it closes exactly at the moment when the 

%/ 

normal flow tlirough tlie valve wmild stop. Owing to^ the lag, this 
*is generally at a point when^ the piston has •rravelled througli about 
, 40 degrees of the return strctke. 

In some exceptional cases, where ^a very lOiig indiK'tion pi’pc 
is employed, the lag may be much greaU*]-, and it may be advisable 
to keep the inlet valve open until the piston has travelled through 
as much as GO degrees of the return stroke. At thd moment when 
the inlet valve closes, the velocitv of the gases in the immediate 
neighbourhood of the valve has been .checked by the increasing 
static pressure', Atithin the cylinder, but the air at the farther end 
of the pii.K* still has a considerabh*. AelocitA’, and this in turn tends 
to pile up a static ])ressure behind the A’ah'e,. , Tl^ils cortinues until 
the whole of the kinetic energy of the air Avithin the pijie has been 
so converted; a revt'j-sal then takes place, and the air acijuires 
ca A’elocity in the opposite direction. Thus a pulsating efiect is set 
up in th(! induction }»ipe. The effect of this first reversal is to 
produce a bl()w-})a(;k at the. mouth of the ])ipe. Such a blo\A’-back, 
hoAveA'er, do(*s not necessai’ily mean that tln' inlet vaK'e is leaking 
or that the timing^is incorrect; it is, in fact, a normal and healthy 
condition. 

Noav. if the pulsatiojjs set u]) in the induction ]>ipe synchronize 
with the ])ei‘iod of ojiening of the inlet A’alve, so that th(i air in the 
pipe has an initial velocity in the dii-ection of tin* cylimler at the 
commencement rfi each suction stroke, it follows that the ineitia 
effech is giVaUu-, ‘ahfl that the pulsations will increase Avith each 
suctioil stroke so long as they j’cmain in synchronism or until they 
have reached a .maximum. If this b(‘. the case, the quantity of air 
taken into the cylinder ydll be considerably increased; but if, on 
the other hand, the pulsations arc out of phase with the period of 
the inlet A’afve opening, anti the air has acquired a velocity in a 
directioji away from the cylinder at the moment when the valve 
closes, a smaller charge will be tiaken into the cylinder*at each 
stroke until the pulsations have died down again. 
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From the above eonsideratioiis it is clear that if a long induction 
])ipe be fitted, the volumetric; efficiency, and therefore, of course, the 
mean eflective pressure, will vary according to wheth(‘.r the perio- 
dic'ity, or some function of the periodicity, of the jjulsations of the 
induction pi])e synchronizes with the period of the inlet valve. 
When thc'se pulsationb are in phase the volumetric efficieu(;y will 
b(‘ above, and when they are out of phase it will* be belojc" the 
normal. As a gcujeral rule, long induction pipes are to Ice avoided, 
bec ause, even though the^ average result over a long period may 
be unatiected, they an;; liable to produce periodic changes in the.» 
mean eflective jnessure, which are detrimental to the gov(‘rning*of 
tlH‘ engine. In ei^gines which are always required to run at a 
uniform sjieed, and in which the charge of air is alw.iy^s uniform,-' 
it is conceivable that the hmgth of *the indu(;tion pqce might be 
adjusted so tha,t tfu* pulsations were always in synchronism with 
those of the irdet valve, and an increase in volumetric efficiency 
and po^rer might be gained therelcy. Rut in engines in which 
either the speed or the weight of charge, or both,, are varied, it is 
not easy to see* how advantage- <-ould be taken of these ]mlsations, 
unless the inducliion pipe could be'made in the form of a trombone, 
wliicdi is hardly pfacticable. 

A somewhat similar t-Hect is produced in the exhaust pipe, but 
here tJie conditions are not <|uit(* the same. AVhen the exhaust 
■valve is first opened, there is gem-rally a considerable ])ressure in 
tin- evlinder. and the vi-loeity of the. gases is very high indeed. 
This imim-diately pi<tdue(-s a high velocity in the exhaust pipe, s<c 
tliat tin- maximum velocity is reached long before the pistmi has 
attaim-d its highest vc-locity. In eonseepn-nee, iti thisn-ase. instead 
of a “lag ’, there is a substantial “lead ’ in the gas velocity over 
that of tin- piston, a.nd if there lu- m» sc-rious resistain-c* at tin- end 
of the exhaust pi]>e. the iin-rtia of the gasi-s will tend to reduce- tjie 
prc-sMire in tin- cyliinh-r to below atmospheric. ^ hen the exhaust 
valv(- is r]o.s(‘d. tin- same reversal will take Jiliice, ami the sann- 
pulsations will bt- s(-t u]); conseijin-ntly the pre.s.-^ure in the c^diinler 
at the (-ml of the exhaust will d(‘]>end to some (-xtent. upon whetln-r 
th(* ])eiiodicity of the. pulsations is in or out of*phase with tlie , 
exhaust-valve o]K-ning. In this ease, hoiS'evn'r, the initial ,v(-loeiiy 
is so much greater that the influenc(* of the pulsafions is much 
K-duce.d. 

in juactiye, the usi- of !ui (-fficioni* mutllo tit tin- oid of tln^exhaust 
pipe ggnerallv r>rodnces so s(‘rious a resistance to the free flow of the 
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■ gases that full advantage cannot be taken of their inertia. The 
effect, however, is clearly shown in the indicator diagrams (fig. 42), 
in which the exhaust line following an explosion is much lower, and 
shows less back pressure than when no explosion has taken place, 
and the gases have no high initial \ elocity. These are actual indi¬ 
cator diagrams taken from the author’s e^peiiiiKMital engine, to 
which fi- fairly long and tortuous exhaust pipe was fitted, and in 
which the innffier was too small and oflered serious rcsistam*e to the 
fi'ce How of the gases. ^ .Assuming that, the p](‘ssure of the gas('s 
• in the cylindei* amounts to 45 lb. [)ei' square inch absolute, at the 
moment when the exhaust' valve is first o])(>npd, and that their 
weight, taking into account their high tenipcijv! iir<‘, is ()'02 lb. per 
\uljic foot, 411011, if th('re lie no friction* their initial velocity,, may be 

> 11 : 

c 

= the velocity through the exhaust valve, 

= the initial alisolute pi’cssure, 

,= the final absolute pressure, 

* f 

= the weight per eubic foot. * 

(;4-4 X 144 (45 - 15) 

” ()-b2 ’ 

t;-4-4 X 144 X ;!0 
' tfOL’ ’ 

1 : 1900 ()()(), 
o715 ft. per second. 

This is the velocity through the valve ])ort at lh(‘ moment when 
tl|e exhaust vahe is first ojiened, assuming no frietion loss. 'J^he 
Aadocity in the pijie will 1 h‘ very much lowei-, be»‘auso the area of 
the pipe slvmld Iv'.ut least 50 per cent greater than the maximum 
ai-ea tlu' valve;'moreover, the gases are cooling and contracting 
rajiidly. But taking all this into account, the maximum velocity 
in the exhaust‘pijie may still be well over 1000 ft. per second, 
a figure far in ex(*.ess of anything obtained in the inlet pipe. 

To charge, the .cylinder fully, one has only the ])ressure of the 
atmosphere to rely upon; to empty it, one has both the high initial 
velocity in the exhaust 'pipe and the i)Ositive action of the piston 
in one’s favour. From all the above (jonsiderations it is fairly clear 
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that attention must he concentrated on the inlet valves and inlet 
piping rather than on the exhaust. 

Piping of Multi-cylinder Engines. —So far only .single- 
cyliudered engines have been considered, hut when two or more 
cylinders are employed the prohlein beeonu's moie e.oiuplicated. In 
most large multi-cylinder horizontal engines se[)arato and entii’ely 
independent induction and exh.iust pi[)es are fitted to each c} linder, 
and the prohlein is thus the same as in the case of a single-cylinder 
engiiH^; hut in many high-speed vertical gas-engines and petrol 
engines it is customary for all tin* cylinders to draw from a common 
carburettor or throttle chamber, and to'exliaust into otk' cominoh 
])ip<' or manifold. In such cases ih(‘ induction and exhaust piling 
must he^lesigned with the greatest care. 

Taking the (-ase of two-cylinder engines first. If the cranks are 
set at and both pistons travel together, the exiiansion and 

•suction^strokes occur at (‘qual intervals, and the effi'ct is precisely 
the same as in a single-cvlindei- engine running at. double the 
number of revolutions. But whmi the cranks ai’c .set at ]8tf, as is 


commonly the case in high-speed engines, two suction strokes follow 
each other .successively, and are ilgain followed by two exhaust 
•strokes. In this case Xo. 1 cylinder fust draws from the induction 
pipe, and creates a high velocity thtuein, lait the full advantage of 
this is ^lot realized in No. 1 cylinder, because, long before the gases 
can come to rest, the inlet valvi' of No. 2 cyliinler is opened, and 
their velocity is again accelerated by No. 2 jiistiui. At the end of 
this stroke full advantage is taken of the high velocit}' and kinetic 
energy of the gases to raise the .static jue.ssure in No. 2 cylinder; 
conse<|uently this cylinder receives a larger charg(\ The .same thing 
appli('S to the exhaust if a faiily long jupe be u.sed, for the opening of 
No. 2 exhaust valve may tend .still further to accelerate the velocity 
in the common exhaust pil)e. If the Ilow of the cxhau.st gases be ly- 
.stvicted, then the sudden i-ise of pie.ssnre, which 0 (icms when No. 2 
exhaust valve is o[)(med, may drive them back iu^o No.-1 cylindcj-. 
On the other hand, if the ]>ij)e be long and the fl(.>w <jiiite free, tin' 
sudden increase of velocity in the pipe may create a partial vacuum in 
No. 1 cylinder. In either case the result will be irn’gulaj-. and the. 
positive or negative pressure in the two cylinders at the end/>f their 
exhau-st stiokes will not be the .same. ‘ 


In three-cylinder engines the ci-aidcs are always set at 120", and 
the inte^’als 4)etween the suction strokes art^ eijual, but the cylimlers 
draw i» their charge in the order 1, 2, 3. 1, 2, 3. It is a common 
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prac'-tice to employ a single straight induction pipe running along¬ 
side all three cylinders. In this case the gases are steadily acceler¬ 
ated along the pipe and reach a maximum velocity while cylinder 
No. 3 is taki^jg in its charge, consequently this cylinder receives 
the largest weight of charge, while in order to supply No. 1 cylinder 
the flow of gases in the pipe must be brought to n^st and reversed, 
witl^ the reshlt that No. 1 cylinder is starved. In the case of a 
gas-engine or Diesel engine, which do not rely upon the velocity 
in the inlet pip(! to retain the fuel in si^speiisiou, this difficulty can 
be largely overcome by the employment, of an incffiction pipe of 
very large diameter, so tha't the velocity is exceedingly low and the 



inei'tia forces are not serious; but in the gas-engine the common 
induction jhpe should be divided by a diaphragm, in order to 
scjtaraie the gas from the air, which should ojjly be allowed to mix 
as they pasfi throtigh tin*, inlet valve of each cylindei-. Otherwise, 
in the event of a back-fire thiough the inlet vahe, din* to a slow- 
burning mixture, on the previous cyi'lc, the whoh* of the combus¬ 
tible mixture in tin* largi* common induction pipe, will be ignited, 
and for the next few cycles tin*, engine will draw in products of 
combustion inst(*^.i(jl of combustible mixtm-e. 

Ir^ any engine’ employing jietrol or vaporized paiaffin a, large- 
diameter pipe cannot be used, because, unless tin* gases be main¬ 
tained at a hi^h velocity, the vapour may condense, and any un- 
vapijrized particles of fife! will be precipitated on the walls of the 
pipe. Hence mciy^is must be Vound for providing equal distribution 
to all cylinders, and at the same time for maintaining a high velocity. 
The siihplest method is'probiibly to use* tlnee separate pipes, one to 
r*ach cylinder leading from the common carburettor or varporizer. 
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lu this case the length of each pipe should be as nearly equal as 
possible in order to ensure that the periodicity of the pulsations in 
t-ach shall be the, same. Another method, and one which has been 
employed by the author with some success, is illustr^ited diagram- 
inatically in fig. 43. In this case a single induction pipe is 
(unployed with three short branches, one leading to each cylinder, 
but the pipe is carried completely round the three cylinders, in 
oi'dcr to form a closed circuit and allow the gases to flow continii- 
ou.sly in one direction. Thei supply from the carburettor or throttle 
valve is then ^ed into this pipe; tangentially. This arrangeincmt 
[HTinits of a high velocity being inainttdned continuously in the 
induction pipe, and provides for equal distribution to all cylinders. 



Fig. 44 

Piping for Four-cylinder Engines. —In four-cylinder four¬ 
cycle engines the cranks are set so that the two outside and the two 
inside pistons jcspectively rise and fall simultaneously. That is to 
say. when the two inside pistons are on the Itottoin deai^ centre the 
two outside ai’e on the top centre. In this case' the ordei’ of firing, 
and therefore of charging, is 1, 3. 4, 2. This may be also written 
3. 4. 2, 1; 1 and 4 luung the outside cylinders, and 2 and 3 thy. 
inside cylinders. From this it will be seen that }»ai|‘ numbers 3 and 
4 diavv tlu'ir supply of working fluid consecutiveJ’j from.the inside 
outwards, and are follow(‘d by pair numbers 1 and 2, wliidj also 
draw tli(‘ir supply from the insid<‘ outwanls; thus the direction of 
flow must be reversed betwinui 4 and 2, and between 1 and 3. or 
twice per cycle. * 

To obviate this all sorts of arrang^iients he,ve bt’en adopted, 
and that usually einployc'd is showu in fig. 44, in whidi the ear- 
hurettorls showii at a. From a to i* a singlb pipe, or con'd passage, 
1 “ led •through beUveen the centra! pair of cylinders, and then 
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branches into two, leading to the inlet valves of the two pairs of 
cylinders. These valves are placed side by side, with the exhaust 
valves on the outside of each pair. In the pipe A B no reversal 
takes place, S!,nd the gases ilow continuously from A to B, but in 
the branch pipes b c and B D reversals do take place, the gases tlow- 
ino- alteriiatelv in the direction B c and B n. These, however, can 
be jkept very short, st) that the inertia forces of the gases are not 
of any consequence. 

A second arrangement, and one tihat is very frequently em- 



Fj-. 4i> 

ployed, particularly wIkmi cylindei'S are cast se})arately, is illustrated 
in lig. 45. Jn this cas(* short connecting pij)es .sc'rve to connect the 
inlet valves of each.])air of cylinders together, and each pipe is 
supplied by a seqtarate iiuluctioji pipe leading from the earburettoi’. 
This does, not {i^)pear to 1 h* a very good ari’angenKUit, because in 
each i)air of cylinders there are two succes.siv(‘ suction strokes fol- 

4 • V 

lowed by two strokes during which the inlet valves ai-(^ clos(‘d; 
consequcntlv the flow of the gases in each indintion ]>ipe is arre.stcd 
alteinately, and pulsatfons set uj). Moreover, in each pair the 
second eyliftder ydll receive a larger charge than the first, since, 
as in the ease of the two-cylinder engine, the s(*cond cylinder takes 
advantage of the high' velocity (;reati‘d in the indiation" pipe by 
the fir.st cylinder. It will be noticed that in this case theve is no 
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j):ivt of the inlet pipe in which the flow is continuous and in one 
direction. 

The arrangement shown in fig. 4G is om; that is sometimes 
adopted for very liigh-speed engines, in which it is desired to obtain 
the maximum possible horse-power from a given size of cylinder. 
In this case a closed circuit is emjdoyed for each pair of eylinders, 
and, as can be readily seen from tlie diagrammatic illustration, the 
How of the gases is continuous and in oiu* direction. '^I’his arrauge- 
iiieiit, however, is bulky, aiid^if used for petrol or paraffin it presents 
a very large t*nount of surface fol- condensation, wliieli must be 



Fip:- JO 


serious w’hen the engin(' is throttled down and fhcA eloeity is mueli 
reduced. Since eaeJi j)air of cylinders is supplied inde])endenth^ it 
IS clear that tlie same arrange in cut is ecpially applicable to two- 
eylinde.r migines, with eraidcs at 180°, though the author has never 


seen it applied to such engines. 

Piping for Six-cylinder Engines.- In tlfe ease of six- 
cylinder engines the prolilem is still nioi’e comjdieated, and since 
the, arrangement and relative angles of the cranks are determined 
by the conditions of even-turning moment and balane,e there is v(‘ry 
little (dioice in the order of firing, the usuai order being 1, 4, 2, 6, 


■k 5. A mere glance at. this scapience suf^ces to show tlnjt no'(dosed 
circ,uit system of 2>ipiog i-*^ r(*\'ersals or jiulsations 


iH' avoide^l; also, owing to the great*length^df the engine the in¬ 
duction ^piping must necessarily be very long, and therefore the 
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magnitude of the inertia forces becomes serious at high speeds. 
For this reason nearly all six-cylinder engines are provided with 
two or more carburettors, or throttle chambers, when it is required 
to obtain the best possible power or efficiency from them, as, for 
instance, when they are employed for aerojjlanes. As a general 
rule six-cylindei' engines aie used only foi- motor-cars, aeroplanes, 
and inaiinc'Work. In the former case the engine usually has so 
large a margin of power that a poor volumetric efficiency can be 
tolerated, and a single* carburettor, with a system of pipework in¬ 
volving the minimum possible ‘amount of interforeiLce, is adopted. 
•Ill the ease of large marine oil-engines, in which air only is taken 
into the cylinders, no such difficulty exists, because each cylinder 
can be lotted with a separate slioK length of pipe open to the 
atmosphere. 

Exhaust Piping. —Taking neyt the question of exhaust piping. 
The design of this must depend both on the timing of the valves and 
on tlie tyi)e of muffler, or conversely the timing of the vafves must 
de[)end upon the arrangement of exhaust pip<*. In single-cylinder 
engines if a long exhaust pipe can be jn-ovided, free from sharp 
bends and ojiening kito a niKffier of large <‘apacity. which otfers 
little resistance, then advantage can be taken of the‘iuertia of the 
gases in this pipe for scavenging the combu.stion chambei', and the 
inlet and exhaust valves can “overlap”. If, however, owiiig to the 
design of the engine-house, there is not sjaice for a, large muffler, 
or if for anv other reason a pipe of sufficient length <annot be 
advantageously used, theii half measures .should be avoided and the 
muffler .should be placed clo.se up to tht^ cylindt'r. In such a ca.se 
no overlap should be allowed in the timing of the valves. As a 
general rule, it may be sai<l that it is always preh'rablc to employ 
separate exhau.st jujjes to each cylinder whenever po.ssible, aiul in no 
case should the.se be led into one (aunnion receiver. If a common 
receiver is inevitable, as is usually the ea.se on motor-cars, then the 
receiver .shoukr^be kept as far as pos.sible from the cylinders and 
the .separate pip(!« made to project well into it, or deflectors u.sed 
to prevent the ga.ses fiom one cylind(‘r r(‘acting I tack into another. 
Nothing can la* wor.se than tin* arrangement only too often seen 
in manufacturers’ te.st rooms, where a large common exhaust pipe 
is provideth. into^ which a pu’mber of engines exhaust through .short 
bi’anch pipes. Such an arrangement is liable to pioduce distuibances 
of such magnitude* a.s‘to interfhre. .sei'iously with the general running 
of all the engines, and more especially is this the case vf)»en the 
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engines operate on the two-stroke cycle, a cycle which is very 
susceptible to disturbances in the exhaust. The pulsations in one 
long common exhaust pipe may, under conditions of synchronism, 
rciudi a magnitude which few peoph'. realize. 

In the four-cylinder engines used for motor - cars and marine 
work, the use of four separate exhaust pipes is sometimes impossible, 
and in these cases all four cylinders exhaust into one common 
manifold, fitted close up to the cylinders, and in some ca.ses cored 
into the same casting. Whpn a single manifold is employed, the 
blanch juries fAun tlie cylinders leading into it should be of com-' 



juratively small bore, and should meet the manifold tangentially, 
so tliat the exhaust gases from all four cylinders e?iter it; at a high 
velocity, ami all in the same direction. Vnless this is done there 
will he a consid(‘rablo amount of blow-ba(‘k of the exhaust gases 
liom the cylinder which has just started to t'xhaust, into that which 
is just conijileting its e.xhaust .stroke, .\ttention must lie ])aid to* 
the sequence of firing, and the. cylinders should be ebnnecU'd to tin* 
manifold as shown in fig. 47. and not in any case as. shown in fin-. 48, 
an arrangement, .sometimes adopted. In the an-angement shown in 
fig. 48, since evlinders 3 and 4 exhaust suc.eessive.lv, and their 
exhaust valves are. open for about 220'’ of the erank in eaeh-ease, it 
follows tliat there is a period during V^^ich both valv«;s aiv ojien 
sirmiltaneou.sly, and the exhau.st ga.ses issuing from\o. 3 cylinder at 
a higli prtissurg, will enter No. 4 cvliirtlei’ just ftefoi'e the completion 
of the f^i’oke, and thus introduce. *a large quantity of exhau.st pro- 
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ducts immediately before the commencement of the suction stroke. 
Tliis will liavc a very deleterious effect upon the volumetric efficiency 
of that cylinder. It is often found convenient to arrange the exhaust 
valves of Nos. 2 and 3 so that tliey ))oth exhaust into one common 
chamber immediately behind the val\’(‘s, and since the exhaust 
strokes in tliese two cylinders take place a whole revolution apart, 
there is not-’the least hs'ii- of overlap. Tlicre is tberefore no objec¬ 
tion to tliis arrang(‘ment, winch is neat and conveiiitmt. 

In the case of very high-speed four- or six-cylinder engines, if 
the exhaust is perfectly free, as in a racing motor-orir or aeroplane 



engine, a considera]>le advantage will be gained by using four or six 
sepai ate exhaust* pipes for some distance from each c.ylinder, and then 
merging them all into one long common pipe. Since tlie exhausts 
fiom four or more cylinders overlap, a <‘,ontinnous high velo('ity can 
be maintained in the common pipe, and advantage taken of this to 
produce a partial vacuum in each cylinder at the end of the exhaust 
stroke, or, if the valves })e timed to. overlap, to provide; a certain 
amount of scavenging. Such an arrangement is only of advantage 
when a perfectly free exhaust can be permitted, but owing to the 
terrific noise it cannot usually be tole.iated. 

From the above e.oiMiiderations it will readily be understood that 
the design .of the pijjevvork is a matter that deserves a great deal of 
consideration. In multiple-cylinder engiTies, efforts should be made 
to obtain a continuou.sk flow in one direction throughout, the inlet 
and exhaust pipes, so that the changes in velocity may bg. utilized 
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to obtiiiii u purtiriJ vuciium in tlu* cylinders at the end of the exhaust, 
and a sligj^t suj^erchaigc iit the end <.)f*the siKitibn stroke. 

VVljcrc it is not possible to obtain a continuous How in one 
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direction, the designer must d('-cide vvli(;tlier he will .attempt to make 
use of the reversals and pulsations that occur or not. If he con¬ 
siders that the conditions under which his eiiLnne will lie running 
are such that the inertia forces set up ])y these pulsations can ho 
made to serve a useful purpose, he should ari'ange his pipework 
accordingly, using fairly long pi[)es of comj)ai'atively small bore, 
and he shordd be cand’iil to ensure that the timing of opening and 
closing of his \ alves is correctly adjustc'd to suit the magnitude and 
periodicity of the })uIsations. To asc‘M’tain if this is the cas(‘, an 
optical indicator should always be eiiiployed, for*’’ the inertia of 
•the parts of a pencil indicator is so gre.'it in relation to the very 
light spring that must necessarily be used, that the results obtained 
cannot relied upon. The imKcator diagi-ams, illustrated in 
tigs. 47, 48, are taken from the indiuition and (‘xliaiist pii)es of a 
four-cylinder high-spt*ed engine, and serve to show the kind of 
diagimn that can be obtained, and the effect of the inertia of tl'..i 
gases in the pipes. When, as is more freijuently tlu' cas(‘, the 
designer decides that he cannot conveniently make us<- of the [)ul- 
sations and imu'tia fona's, he must take car(‘ to (msure that they 
are reduced to a minimum b\” the (‘inploymeiit-of short and laigc- 
diameter pipework. In no case shouhl tJje pulsations be ignoreci, 
for their etfecl may be nimdi more serious than is commonly sup¬ 
posed; also, ill no case should a numbiM- of indepciid('nt ('Mgines be 
ari'aijged to draw their siijiply from a common ring main, unless 
.separate receivers of large capaiity are littc<l close to (‘ach engine, 
nor should they lie allowed to exhaust into a common exhaust pipe. 

The whole (piestion of pijiework is a matter of extreme im})or- 
tance, and it i>' no great exaggeration to say that in the design 
of an engine the pipework should first be arranged, and the rest 
of the engine put in when; there is room for it. 

From all the above considerations it is cleai’ that no definite 
rule can possibly lie given as to the timing of the inh't and exhaust 
valv(‘s, for this must necessarily dcjicnd upon a great number of 
different factors.' 
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MECHANICAL DETAILS 

* ' • 

Lubrica.tion. —The system of lubrjcatioii to he employoi] must 
dt'peiid both upon the size and speed of tlie ('n<>ine. For large corii- 
pai'atively slow-running engines it is usual to lubricate the mail'* 
craiiksflaft bearings by means of ring' oiku's, as shown in fig. 50; 
that is to say, slots^ aiv eut iii, the uppei* halves of the main bearings 
at right angles to the centre line of the shaft, so that a portion of 
the mnkshaft is ex¬ 



plain rings, 
genej’ally about 60 jier 
cent laiger in ^liameter 
than the (1‘ankshuft,'aVe 
threaded over it, so that 
iIk'v I'i'st upon the shaft 
ill the slots, and are kt'pt 
in ])osition by them. 

The lowin' jiarts of the 
rings dip into troughs 
1 M'low the.bearings, which 
are kept well filled with 
oil. As the shaft revolves 
these rings also revolve, 
but at a slower sjieed, due partly to their greater diameter and 
jiartly to the retarding efiect of the \ise-osity oF the oil. In this 
way the oil is continually being dredged by the*.rings, and delivered 
to the crankshaft and bearings through the slots on the top. For 
medium and ,slow-speed engines, when' the bearing pressures are 
comparatively low, this system works admirably, foi' it is thoroughly * 
relialile and easy of inspection. • ^ ' 

For the crankpin bearing, what is commonly known as a banjo 
lubric.4or, yhown in fig. 51, is gi^ierallyifftted; this eom-iists of a 
<‘onc,gitric brass trough attached to the side of the crankwebs, into 


Fig. Tie 
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wliicli oil is fod by a sight-feed lubricator. From the trough, holes 
are drilled through the crankwebs and crankpiii, and the oil is 
forced through these to the connecting-rod big end bearing by 
centrifugal forc(‘. 'Phe outlet hole on the e.rankpin should pre¬ 
ferably be drilled in such a position that the oil is not delivered at 
the point of maximum pressure; that is to say, it should be drilled 
at an angle of about 45° to the sides of the crankwebs. 

The lul aication of the pistons of singh*-acting engines is usually 
provided for by means of a sight-feed lubiicator working in con¬ 
junction with either a drc^tlger or small plungi'r pump/driveii from 

the camshaft, and ananged in the case of 
horizontal engines to d(diver oil to the top 
side of the ins;^ou; suitable ducts or pipes 
being fitted to the piston to convey some 
of this oil to l;he couneccing-rod snudl-end 
bearing. For vertical engines of the open 
type, and also for double-acting eiigines, 
the oil is forced into the cylinders by means 
of plunge]’ ]>umps, and delivered at three or 
four points equidistant aroynd the circum¬ 
ference. in the same manner as 'is usually 
adopted in .steam-engine practice, when 
using superheated steam. 

For all engines running at very hisrli 
rotative sjieeds forced lubrication should Ixi 
employed for the main beiirings, and tin; oil 
.should be supplied at a pressure of from 5 to 50 lb. per .sijuare inch. 
In this case ,the .same oil is cir(;ulat('d over and over again, and 
collected in a trough or sump at the bottom of tin* ba.se chamber. 
Before being circulated a second time the oil should be made to pass 
through a filter of line wire gauze, and also, in the, (;a.se of large or 
severely lojided engines, through an oil-cnoler of ample cooling sur¬ 
face; the provi,sioi/of such an oil-cooler makes for more efficient lubri¬ 
cation and for economy of oil. AYlnm forced lubrication is employed 
the engim^ must, of cour.se. be totally enclo.sed, and provision .should 
be made for ventilating the crank-chamlx'r, otherwise, owing to the 
high teinjM'rature of the pistons, .some of the lubricating oil may be 
vapoiized and,an <‘Xplo.sive mixture formerl therein. Several .serious 
accidents luive nliearly occurred from this csiuse. Further details of 
the methods of lubri(;attO(n employed in different type.s of <*ngin(!S 
will be given when dealing with each particuhu’ ty 2 »e in detail. 
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Bearings. —As a general rule, for all main and connecting- 
rod bearings white-metal linings should be employed, and phosphor- 
bronze bearings should seldom be used except in conjunction with 
case-hardened steel journals. The white, metal should be (!ast into 
a steel, or cast-iron, or better still, a bronze shell. In any (;ase the 
surface of the shell should always be well tinned before the white 
metal is run in; this will ensure good contact and reduce tht risk 
of the white metal breaking away. When cast-steel or cast-iron 
shells are use^, a number df dovebdled grooves should be turned or 
cast, so that the whitc'-metal lining is keyed in position. It is also 
advisable to hammer the metal well after cooling, in order to stretch 
it and so take up the contraction which ©ccurs on coojing. It is 
most important that the white metal should make a good metallic* 
contact with the sliell, for, not only is it liable to Itieak away if 
not uniformly *supjjorted, bift there is also danger of a certain 
amouiit of lubiicating oil finding its way between the white metal 
and its sludl. Since oil is a ])oor conductor of heat, this may lead 
to overheating and fusion of the bearing metal.. In very small 
engines it is bf'ccaning eustoniary to eni})loy die-east white-metal 
b(‘arings without* any se 2 )arate shell. These’ bearings are (*ast de,ad 
to size ill metal moulds, and require no machining layond a little 
scraping on the bearing surfaces. The practice, however, is not to 
be re(?onim(inded, because oil can find its way behind the white 
metal, and so insulate it and prevent it from conducting its lu'at 
away. An excellent metliod tvhic’h has^ lately come into ^■ogue for 
small bearings is to cast the white metal into tlui shell which has 
been previously tinned, and tlnm drive through it a taper mandril, 
the larger end of which is exactly equal to the dianietef of the shaft. 
By this means the metal is thoroughly compressed and bedded and 
an excellent Avcariiig surface produced. Eor the small end of the 
connecting-rod it is usual to employ phosphor-bronze bearings, 
working in conjuiKdion with a case-hardened s^teel gudgeon-pin. 
Foi- small engines this answers admirably, aixl# these* bearings in 
practici' give little trouble and show but little wear in s])it'f of the 
enormous loads and high temperatures to wdiich they are subjected. 

Crankshaft. —The. desiiiii of the crankshaft does not call for . 
very much comment. Formulfp for (ralculating the strength and 
siz(j of every })art of a crankshaft are*to be found iif lu'arly ev(‘ry 
textbook, but the actual dimensions are generally fixetl, not by the 
strength i-eifuired, but by such eonsideratidns as bearing surface and 
rigidfty. That oi)inions difi’er very widely on this subject can easily 
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be cleaned from tlie fact that different makers use crankshafts of 
which the diameters vary by as much as 40 per (-(mt for engines 
of the same leading dimensions. For explosion engines it is jjer- 
fectly safe to reckon upon a maximum pressure of 700 lb. per square 
inch under any conditions, except that of a seized piston; but for 
Diesel-type engines, as has already been explained, much highej’ 
prcss;ires may have to be dealt with undei’ abnormal <'onditions. 
Generally speaking, if the crankshaft is large enough in diameter 
to be flee from whip, and to providt; thd bewaring surface necessary, 
it will have more than sutheient strengtln To provide adecjuate 
bearing surface the projected area of the crankpin should, as a 
general luje, Ite at least 30 ])(*r cent of the area of the piston for 
'a piston speed of 1000 ft. jier niinute, and, unless an unduly long 
crankpin be'eni])loyed, the diameter of the pjn will be equal to 
nearly half that of the piston, which is consid('rabl>’ greater than 
is needed to resist any bending stress which may occur. J\luch, of 
course, must depend upon both the speed and the method of lubrica¬ 
tion, also u])on v'hether the bearings are well ventilated or situated 
in an enclosed crank-chamber. In the case of multiple-cylinder 
engines, it is advisable, in orde’r to avoid torsional vijnations, to 
employ still heavier ciankshafts. Since crankshafts are usually 
machined from a flat slab of metal, tlie depth of the wehs is gene¬ 
rally reduced to a minimum, in order to use the thinnest jtossible 
slab. This means that, to obtain tin; necessai v stiffness, thev have 
to be made somewhat wider than would otherwise be m'cessarv; 
this increases the distance Ibetween’ the beaihigs, and th(*refore the 
bending moment. 

Connecting-l*od. —This does not call for much comment. It 
is clearly important that the small or piston end of it shall be kept 
as light as possible, for tliis is reci]»rocating weight. It is usual in 
gajs-engine practice, and inde<‘d iji all except petrol-migine jnactice, 
to employ adjustable bearings for the giidgeon-jun end of the rod. 
It is very much ope^n to <]uestion whether this luactiee is desirable, 
except|in large engines, for it involves a very considerable a<ldilion 
to the weight of the reciprocating parts, and tlu^ adjustimmt pio- 
vided is not of 'very much value in small engines, for, Avhen once 
the gudgdon-pin has been'withdi-awn, it is quickcT to drixa^ out the 
bush and to »ht a pew' one than to adjust and sera])e in the s])lit 
bearing. If the gudm'on-pin be of case-hardened mild steel, and the 

O O j 1. - 

bush of hard jdiosphor-bi'onze, the amount of wear that takts place 
is exceedingly small. The connecting-rod itself is almost invaiiably 
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machined from a steel forging, thougli in petrol engines it is now 
(Mistomary to use stampings in high tensile steel. From the point of 
view of weight and rigidity there is little doubt that the X section 
is the best; but, exexipt in small rods that can be stamped, this 
s(‘ction is a very expensive one, since it can only be obtained by 
milling out from a rectangular forging. For this reason nearly all 
the connecting-rods in use in gas and oil engines are circular in 
section, this being of course the least (ixpcnsive form. In all types 
of int(;rnal-combustion engir’^^'s the bolts of tin; big-end bearings are 
always a sounA; of weakness. Owing to fhe severe reversals of 
str(‘ss a certain amount of deformation of the big-end bearing 
gc.neially takes place,,and in consequence severe stres8(;s are tliiown 
nj)on the^liolts; moreover, the‘continual reversal of stresj^i'tends to 
cause the metal to ci^stallize and become brittle; for tips n'ason it 
is generally adviiiable to renew*, or, at l(*ast, to anneal the big-end 
1«»lts fioin time to time. In most of the best class of engines it is 
customary to forge the big-end beaiing cap in one piece with the rod, 
and afterwards part it off thrdugh the <‘.entre line. This undoubtedly 
leduees the tendency to deformation, and therefore the stresses on the 
bolts, but it is an CKpensive construction. Another method frequently 
adopted is to use eltlier stamped or cast-steel bearing caps, which is 
certainly a chea])er foim of construction. The ordinary mariuctype 
of bearing, though fretjuently employc'd, has not been found to be 
altogether satisfactory, and there have bt;en a grc'at many accidents 
due to broken big-end bolts with this type of bearing, which neces¬ 
sitates the use of very long bolts. For*the lining e)f the big-end 
bearing ordinary white metal is now invariably employed, and has 
been found to be. entirely satisfactory, provided that it,is properly 
supported by its shell and cannot break away or “How”. During 
th(* last few years tin* use of cast-steel connecting-rods has come 
into vogue. ^Phis j)ractice hails from America, and has much to 
re('omineud it on the grounds of low cost of manufacture. As in the 
Case of stampings, <-ast-steel <'onn(‘i‘ting-rods can^ be inade of I 
section without increa.sing th(‘ cost, and this section is therefore 
almost invariably employed. For high-class engine.s the use of cast 
stet'l is hardly to 1 h‘ recommended, for idthough e?iormous strides 
ha\p been made in steel foundry work during the last fow years, 
this material is hardly yet as reliabA* iis forged or stiimped steel. 

Cylinder. —In all but the very smallest horizontal, and in 
nearly dl Dm; larger sizes of vertical engin'es, separate liners are 
einplojired in the (‘.ylinders. These liners are made of a very hard 
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quality of cast iron, generally ciontaining a large proportion of 
maiigane«;e, or, in some cases, steel scrap. They are, or should 
be, machined all over inside, and out, and should be kept as thin 
as possible sq that the temperature gradient tlii'oiigh the metal 
shall be reduced to a minimum. In horizontal engines it is usual 
to bolt the liner securely to the combustion head, leaving the other 
end free to 'expand longitudinally. The water joint at the outer 
end is generalh' made by means of a rubber ring inserted in a 
groove turned round the outside of tfie liner. The thickness of 
the rubber is such that it projects well above the tof) of the groove 
fiiitil it is compressed into josition in tin* cylinder-jacket casting. 
This arrangement is perfectly satisfactory, and trouble fiom leakage 
between 'the cylinder jacket and tile liner is almost entirely un¬ 
known. In vertical engiiic'^s it is usual to increase th(‘ thi(*knt'ss 
of the top fcAV inches of the liner'and pr(iss it into the cylinder 
ja.ck(‘t, which is bored t)ut to rec.eive it. The bottom joint is almost' 
invaiiably made water-tight by means of a i-ubber i-ing as in hoii- 
zontal engines, but in a few eases, as, for example, in the large 
Carols-Diesel engine, the rubber ring is dispens(‘d with and the 
liner made a good sliding lit in the jacket casting,'leakaoe being pre¬ 
vented In* means of retl lead. The princij)al advantages in favour 
of the use of .separate linens arc:- 

1. The liner, la'ing an extremely simple ca.sting, can be made of 
a material which will gi\ e a good haid wearing surface. 

2. Being circular in secti(»n, and of ]iiaciically nuifoim thickness 
throughout, it will not disfoi t when heat«‘d. 

3. Being securely held at one end tnily it is iVee to expand 
longitudinallv without anv re.straint. 

4. In case of wear it can be ivuu'wed al a com[)aratively small 
cost. 

5. Being machined all over inside and out, and being o(' luirder 
material, it can l»e made thinnej’ than would be th(‘ i^a.sc if it were 
made of tluj san^e^ material a.^ the < ylinder jacket, for, since this 
latter is almo.st invariably a .somewhat complicated ca.sting, a metal 
rniLst be cho.sen which will flow ficely in the mould and will with¬ 
stand the sti'e.yscs due to contraction. Such a juctal does not 
usually give a good wearing surfactc. 

Against these advantagevs fhere is, however, one serious objection 
to the use of .separate lineis. Wln^ther the liner be pre.s.sed into the 
c.ylinder-jack(it ca.sting fer liolted to the combustion hcadHhere is 
bound to be a great thickness of inetal at the junction, and since 
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this is a point at which the temperatures are exceedingly high it 
is .'I most undesirable feature. It is not proposed to generalize any 
further upon mechanical details, because these must necessarily 
depend to a great extent upon the type and size'of engine, but 
the principal mechanical features of eacli of the leading types of 
engine will be considered when dealing with them in detail. 



CHAPTER XV 


BALANCING 


One of the most inniorUut considerations in the design of all 
reciprocating cngijies is tin* (juestion of baJawee, and in the case 
' of high-speed engines, or engines ‘which are mounted ^oii light 
structures, sucli as aeroplan(‘s, motor-cars, and^ boats, good balance 
becomes a vital necessity. The kinds of vibratiotii arc numerous, 
but, bi’oadly speaking, they may be clas.sified undei' two heads;' 
(1), vibration due to the reaction of the imfiiilses which lend to 
rotate the wJio|e engine around its crankshaft, and (2), vibration 
due to changes in the position of the common centic of gia\ ity 
of the reciprocating parts. ' < ^ 

Considering the first cause, it is evident that* tlie forces tending 
to rotate the engine around the crankshaft ai-e preci.sely eipial tc 
those tending to rotate the crankshaft itself, and are dependent 
upon the fluid and inertia pre.ssures within the i-ylinder. Jt is 
e(jually evident that if thc'number of cylinders were so multiplied 
that tlie turning moment were even throughout the, whole cycle, 
there would be no vibration but merely a constant static, jiressure 
equal to tire torque of the engine. From this it is clear that re¬ 
actionary vibrations are dependent upon the turning moment, but 
they are also dependent upon the ratio of the inertia of the engine 
to thc magnitude of the torque variations. Thc heavier the engine 
and the smaller ^the tonpie vaihitions the, lc.ss will be the vibration 
from this .‘kource.* .Time, also, is an imjiortant eleiiHiiit, for although 
thc forces tending to rotate the engine, about the c.i'ankshaft may 
be thc same at all sp(K‘,ds, thc time during which they act is reduced 
with increase of speed, and hence the actual displacement of the 
engine.Ts reduced. ‘ 

From tht3 aboye considwations it is clear that reactionary vibra¬ 
tion is a function of the speed, number of cylinders, and weight of 
the engine, and is at a ftiaxirnum in the case of single-cylinder, slow- 
running, four-cycle engines, and at a minimum in thc case of high- 
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s 2 )Cod rimltiple-cyliiidcr engines, es 2 )ccia]ly of the two-cycle type, 
ill which the torque vtirifitions arc much smaller. Since this cause 


of vibration is largely dependent ui)on 
tlic fluid pressures within the cylinder 
it follows that it is also dependent 
u])on the load of the engine (unless 
liit-aiid-miss governing be employed), 
and is at a minimum when the engine 
is running light. * , 

The seitond * cause of • vibration, 
namely, that due to the disjDlaeement 
of the centre of gravit}* of th(^ reeijiif)- 
• i^^ing ])ajtts, is the more serious of 
the two, because it iiKiveases with the 
sijuare of tlie sjavd and is eni’ir(‘ly 
ifidependttiit of the load. JNloreover, 
in order to obtain a light and efficient 
engine, a coinjiaratively high rota¬ 



tional speed is desirable, and it is of tlie utmost importance that the 
reeijnocating ^larts Vluaild. be as well ^lialaneed as possible; in other 

words, that the com- _ _ 

mon centr(‘ of gravity 

of all thi^ reci^jrocating '——' ^i "' 

parts should be sta¬ 
tionary or as nearly 
stationary as jjossilile. 

Figs. 52, 53 show two 

. . • • 

arrangements of «‘yliii- 

dei s and cranks that arc 

commonly (‘inployed. - 

l^’ig. 52 is a single- 

cylinder engine either . 1 > 1 ' 1=4 -1 

v(n-tical or horizontal. ' , * * 

With such an eiigine. 1 ' ' :• -'t - f - r=: ^ -l t .'.-e • 

running on the four- 
stroke cycle, the rcac- 

tionaiy vibration ia , * 

very serious, since there ’ • * - 

1 . , Fig. .^3 

IS only one impulse „ . 

every foui*th stroke, (lonsetjuently the interval between the im¬ 
pulses iif very great and their magnitude in pr,opurtion to the total 
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weight of the engine is also great. Wlien running on the two- 
stroke cycle the reactionary vibration is not nearly so great, because 
the interval between the impulses is shorter and the weight of the 
engine generJdly somewhat greater in proi)ortion to their magnitude, 
but in cither cycle the reactionary vibrations arc at a maximum in 
Bingle-cylinder engines. Vibration du(‘ to the displacement of 
thvj centre of gravity of tlie reciprocating weights is also very 
serious. For the sake of simplicity, suppose that the centre of 
gravity of the re(;iprocating pyrts be l-oincidcnt with the giidgeon- 
,pin of the piston, then the displac.emeiit of the centre of gravity 
in this case is equal to the displacement of the piston, and th(‘- 
forces tending to cau'se vibration are equal to the inertia fonavs of 
the piston. »Such an engine cannot be balanced as ivgards the 
reciprocating i)arts, though the rotating paits can be completely 
balanced bv the addition of ])alance weights to* the crank. 

Fig. 53. In this arrangement, since the two pistons are con¬ 
nected to the same crank, the im])u],ses. in tlu' cas(‘ of a four-cycle 
engine, are (‘qually distributed, and th(‘ tui'iiing moment is the 
most uniform ol)tainab]e from two cylini.lers. (^onsecjnently the 
reactionarv balance is the best obtainable. Init iho reciorocating 
balance is bad, because, since th(‘ two jnstons recijuocate together, 
the disi)lacement of their common centi'e of gravity is the same 
as in a singh‘-cylindei' (mgine. For a given power of (Uigine the 
actual reciprocating balance is, however, ])etter than that of a 
single-c}linder engine, because, other things beiiig ecjual. the power 
varies as the square of the diameter of the j)iston, while the w<ught 


of the reciprc»cating paits \'aries nearly as the cube of tlie diameter. 
Since reactionai-y vibrations are at their maximum at low speeds. 


and reciprocating vibrations at high S])eeds. 


it is <‘lear that this 


anangement of cylinders and cranks is more suitable foi’ slow- 


running engines. 

O O 

I’lie arrangrunent shown in fig. 54 is practically the converse of 
tig. 53 a.«i regard's balancing. In this arrangenumt, in the case of 
foui^'cycle engines, twf) impulses follow one anothei- successively; 
then* is then an idle period during two strokes, c.onseijuently the 
turning moment is ver^>' poor, for the period of high torqin* extends 
over two .strokes and the dif^pljic-einent of the whole mass of the 
engine is A^ery g.'eat. FioVn the point of view of reactionary balance. 


this is probably 
hand, in .so far i 


the worst .possible arrangement. On the other 
IS reciprocating balance is coucenied, ‘It is 



good. The two pis^tons travel up and down in opposite jihase. 



BALANCING 189 

consequently the displacement of their common centre of gravity is 
only that due to the angularity of the connecting-rods. 

lb appreciate this, suppose that both cranks were at 90" to 
the dead centre, then one piston is travelling downwards and the 
oth(‘r upwards, but neither of them is at its mid-stroke position 
unless th(‘ connecting-rods an; infiiiiU'ly long—the shortfu- the coii- 
iiectiug-rods the greater the distance of the pistons below mid-stroke. 
When either piston is at the top of the stroke the common centre of 
gravity is at mid-stroke, and ^lidway between the two; but when 



Vig. r4 

the cra.id\ has been rotated through 90“ both pistons are beyond the 
inid-posirioii, and tlie common centre of gravity has been displaced 
by an amount depending u])on the I’atio of the length of the eon- 
nceting-rod to the length of the crankthrow. If now tin; crank be 
rotated through a further OO", b(»tli pistons arrive ht their dead 
centres again, and the comiiioi) centre of gravitv retunis to the mid- 
stroke jjosition. This disjilaeement of the centre of gravity, due to 
the angularity of the connecting-rod, is not usually very serious, and 
is dependent upon (lie hmgth of the rod, bur, it occurs t^Aice.every 
revolution. ?^uch vibrations are geneiiplly known as secondary or 
octave vibrations. * 

In addition to the octav<‘ vibration;* there js'also an unbalanced 
couple due to tlie distance apart*of the two cylinders, and this 
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produces serious vil)ratioiis in ti fore-and-aft direction along the 
crankshaft. This couple can be mitigated to a certain extent, but 
not entirely eliminated, by fitting suitable balance weights to the 
crankwebs. ^Compared with figs. 52 and 53 this ai-rangement is far 
better balanced as regards the recijirocating parts, for the secondary 
vibrations and the couple produce disturbances that are cornjwra- 
tively small. For four-cyc^le engines this is probably the. best 
ari-angement where high speeds are employed, and in which the 
very imperfi‘(‘t reactionary balance is, not severely felt. For two- 

cycle engines it v excellent. hi 



this cas(‘ the turning moment is as 
uniform as can be f>btained with two 

4 

single-acting cylinders, for there* is 
an impulse at each stroi^e. 

. In tliis instance tlu* jirimary 
disturbing forces are* balanced, but 
the secomlaiy force's are** neit, and 
thei'c' is ,‘ilso an unbalanced e*e)U])le. 

The* airangemcnt shown in fig. 
55, in which twt,* horizontal eippose'd 
leiur-e'-ycle*' cylinders have their ])is- 
teuis conne*e*t»“el te) e*rank-]hn.s at IHO'* 
to one* ane)thcr. is the* best jieissihlc 
arrangement fe)r a, t\\e>-e‘ylindcr en¬ 
gine frejin the pointe)f viewofbalane-c. 
From the point e>f vie*\\ ol‘ re*action- 
ary balane-c the engine* is cejual tei 
that shejwn in Fig. 53, and there is 
one iin])uls(* eluring e'ae h revolutiein; 
e;onse;ijue'.ntly the* intei'val between the impulse's is i-celue-.eel tee a 
minimum, anti the turning-moment is as ivgular as is obtainable 
frenn any two-cylinder four-cycle e'ligine*. From the jioint eif view of 
rce'iprocating fialance the engine is perfect, for the position of the. 
ctuymon centre of giavity is always coincid(*nt with the centre 
of the crankshaft, anel undergoes no disj)laccmcnt wdiatevcr. Since 
both ]iistons are travelling in the same 2 >has(*, and not alternately, 
it follows that the. ei-ror due to the angularity of the conne(;ting-rods 
is <lis})ose^l of, and the (*vgbie completely balanc(*»l, both as regards 
primary and secondary A'ibrations. 

The em})loyment cjf a thh*c-throw crankshaft, how'(*vj*r, is some¬ 
what expensive, and since the Crankwebs must n(*c(^ssarily be very 
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stiff’ and heavy, it is difficult to provide an adequate amount of 
hearing surface on the craiikpius. For this r(*asoii engines of this 

type are generally constructed - 

as shown in fig. 5G, in which _ 

only a two-throw crank is 
enii)loye(l, and the cylinders 

placed slightly out of line " 

with one another. This con- 

struction, of course, introduces _e=z=i_ 

a slight couple, diu*, to the ' 

distance apart of the centre __ •_ 

lines of the two cylinders; the 

magnitude of this couple is ,* 

veiy small compared with fig. 

54, and except i,»i the case of - 

»exc<‘j)tioiia]ly high-speed en¬ 
gines, can geiierall}' h(‘ ig- 

noied. There is a great deal [■ ■-■L., 

to he sai<] for the ai rangemciit 
shown in fig. oG for foui-cvclc * 

'f . ^ Fij;. 5(1 

(‘iigines, and engindcis do not 

ajipear to a])preciate fully all the advantages tt) he gained hy it. 
Ac(Mira1»e halanci' is a featiiic' of very great im]»ortanc('. and will 
h(‘eome e\(‘n more so, if, as the author confidently expects, the lota- 
tive sp(‘(*<l of inter¬ 
nal-coin hii.st ion en- 

gines is increased in ^ | y 

th(* near future, ^flie N. y' 

jirincipal ohji'ctions ' ^ 

are: (L) '^l^iat it is 

only [U'acticahle in / 

the case of hori- \ 

zontal engines; (2) • ' \ ^ \ 

the engine is bulky ““T ? ^ 

and takes u]) a great A 

deal of floor space; 

(>1) the comhustion yi-r >7 * 

chainbei's are a long 

way apart, involving the necessity for lengthy and somewhat com¬ 
plicated pipewoi’k, and making the iilspectie*i'and supervision of the 
valve{i,and valv(‘ gear somewhat troublesome; (4) it is not applicalde 
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to engines running on the two-stroke cycle, because in that case both 
pistons w-ould necessarily be making their expansion strokes simul¬ 
taneously, and the advantJige of a moie even turning moment, one 
of the most valuable assets of a two-cycle engine, would be lost. 

In fig. 57 is shown an arrangement frequently adopted for 
motor-cycle engines, in which two cylinders are placed at an angle 
of 90° to one another, and both pistons are connected to a single 
erankpin. This arrangement gives an irregular turning moment 
midway between figs. 53 and 54, hence -the reactionary vibration is 
also midway between these two 'extreme cases. If sr itable balance 



Fig. 58 


weights are fitted, the primary recijirocating balance is ])crfect, and 
there would be no displacement of the centre of gravity if the two 
pistons travelled in true harmonic motion, that is to say, if the 
two connecting-rods were infinitely long. 'fhere is, however, a 
slight displacement, due. to the angularity of the c.onnecting-rods, 
and therefore there will be octave*, or secondary vibrations depend¬ 
ing upon the length of connecting-rods employed. Since the two 
cylinders can both be arranged in the same yilane at right angles 
to the crankshaft, there is no unbalanced couph*: along the shaft. 
Compared with other two-c.ylinder arrangements this is better than 
figs. 53 or 54, but inferior to figs. 55 or 50. 

For three-cylinder engines?, whether two- or four-cycle, siugle- 
oi- double-acting, the arrangement shown in fig. 58 is invariably 
adopted. In this arraivgement'^all three (iylinders are planed in a 
row along the (;rankshaft, and the three pistons are connected to 
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cranks equally spaced at 120'’ to one another. By this means all 
primary and secondary forces are Y)crfectly balanced, and the turning; 
moment is as regular as can be obtained from three cylinders. Un¬ 
fortunately, however, there is a very large unbalanced couple along 
tli(! cranksliaft, whic.h introduces serious vibration in a fore-and-aft 
direction, and can only be minimized by placing the cylinders as 
close together as possible and, to some small extent, by* the employ¬ 
ment of balance weights. But for this unbalanced couple, this form 
of three-cylinder engine would i)e almost vibrationless, for there is 
no pjimary oi»sccondary vifuation' and the reactionary balance is 
the best obtfiinable from any arrangement of three cylinders. •* 


For four cylinders opeiating on the four-stroke cycle the arrange¬ 
ment shown in fig. is almost' invariably adopted, and siifce almo.st 



I'lg. 5'J 


all automobile, and a veiy large pro[)ortif»n of the marine and 
stationary engines, are nov/ built with four cylinders arranged in 
this maiiiu'r, it is worth while to consider it in some detail. The 
four cylinders are arraiigc'd in a row along the (‘lankshafr, aiid 
the pistons are connected to four crankthrows *at 180“ to one 


another, that is to say, all‘the four cranks 
two inside cranks are together, and form 


are ii/one plane. Tlie 
in effect one crankpin, 


and the two outside cranks are also, of (;ours(', together. 


From the 


point of view of j-eac.tionary balance the ..{irrangement is .the best 


possible, for the in]])ulses are ecjually spaced, and tl'^m-e are two 
during every revolution. * 


1’he ^vholg engine should be regarded as»tt \’0 engines of the type 
showi^ in fig. .')4, cou])]ed together in such a manner that the two 

Voi.. I ' ■ 13 
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impulses of one engine occur during the two idle strokes of the 
other; the two unbalanced couples tending to rock each component 
half of the engine in opposite directions are opposed, so that they 
exert a bending strain upon the structure of the complete engine, 
but do not tend to j)ioducc any external movement. Mr. Lan- 
chestor very aptly christens engines such as these, in which the 
unbalanced couples of the two component parts neutralize one an¬ 
other, ‘‘ looking-glass ” engines. 

Sincco the two inside and the 
two outside pistons i-eeiprocatc alter¬ 
nately, it follows that the primary 
forces are balanced, and there is no 
primary vibration. Tliere is, how- 
■ ever, an octave or secondary vibra¬ 
tion, and tliis assumes very large 
2 )roi)ortions, foi\ since all four cranks 
arc in one plane, it follows that at 
about mid-stroke all four pistons are 
simultaneously displaced to a point 
beyond the midstr(*ke position. 7’Jie 
amount of this displacement depends, 
of course, upon the relative length 
of the connecting-rods. 

Keferring to fig. GO, the mid- 
—stroke dis])laccmcnt (»f the pistons 
due to the angularity of the connect¬ 
ing-rods is represented at a, and a 
is approximately e<|ual to the crank- 
throw ■'.(juared, divided b}' twice the 
length of the connecting-rod. Sup¬ 
pose, that in an engine of 2-ft. stroke the coniiecting-rod were 
only 4 ft. long, then the latio of length of (^onnecting-rod to crank- 
throw would be As 4 : 1, and the displacement a would be 

•if! 

, 1" -r- 8 ■ = a ft., or the piston’s stroke 

Thus the amp^jtude of the sc(50nda]y vibration is cfjual to one- 
sixteenth of the stroke. ^Now, since tlu* foi'c.(‘. is proi)ortional to the 
S(juare 'of the speed, and the secondaiy vibrations oec.ur twice as 
rapirlly as the primary, it' follows that the maximum disturbing 
for(!(* when compared •.A^’ith the primary force is 

2® X -h '= U'lj- 



Fig. CO 
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That is to say, the disturbance created by the secondary vibrations 
is equal to one-fourth of that created by the primary vibrations 
in a single-cylinder engine, in which the length of the connecting- 
rod is equal to twice the stroke. 

Now it has already been shown that in a four-cylinder engine 
of this type the secondary displacement of all four pistons occurs 
simultaneously, so that the total secondary disturbance must be 
multiplied by four and is equal to ’ 


^ 4 = unity. 

In other words, the secondary vibration .in an engine of this typo, 
and with this ratio of connecting-rod length, is exactly equal to 
the primary vi})ration in a single-cylinder engine, but the external 
vibration is not so great, because the wciight of a four-cylind(;r 
engine is necessarily* nearly foqr tiim*s as great as that of a single- 
•cylinder engine of the same cylinder dimensions. The length of 
conneeting-rod takcni in this instance is, of course, considerably 
shorter than would be use<l in any well-d(vsigned engine, but it 
serves to illustrate how serious secondary vibrations may Ix^come, 
and how inqjortjyit it is to (nnj)lo»y as long a connecting-rod as 
])ossible. l^ecause mH ’eOuples and all primary forces are balanced, 
ami the turning moment is extreme!} g(Jod, it is popularly supposed 
that the balances of (‘iigines of this ty[)e is [)articularly good. How 
great is the magnitude of the unbalanced secondary disturbances, 
aiifl how inq)ortaut an influence the length of the connecting-rod 
has in this ])articular (;a.se are not generally ap])reciat(‘d. 

Balance of Four-cylinder Two-stroke Engines. For 
four-cylinder engines of the two-cycle type, eithei’ of t,he arrange¬ 
ments shown in figs. G1 and 6'2 may be adopted. The former 
anaiigement is generallv the most convenient. In this, all four 
cylinders are placed in a row along the crankshaft, and the pistons 
connecttMl to cranks at 90°. Each end pair of cranks are at 180° 
to one another, but the two middle cranks aib at 90". The 


engine is in effect two unils of the tig. 54 type*. eoui)le(l togethei', 
with their crankshafts at 90° instead of 180". It is thus not a 


looking - gla.ss ” engine, and tht‘ couples of the two component 
parts are out of phase, and do not cojnpletely neutrajize one 
another. The turning moment is, of s-ourse, extremely^regiflar, for 
there are four equally spaced impulses per reVolution, so that 
reac.tionajy l^ihincti is reduced to a* miniii'/ifn. The primary dis¬ 
turbing fore.es are, of course, bahtneed, and the secondary also, but 
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in this C'd'^e there is a couple due to the midstrokc displacement 
of the pistons occurring alternately in each pair of cylinders. Com¬ 
pared with fig. 58, hovvev^cj', the vibration from tliis source is trifling. 
With this arrang(‘ment, balance weiglits sliould be used to coni- 



Fig. fil 


pletely balance the rotating parts, and mitigate as fur us pf>ssible 
the unbalanced couples. ’ ■ , 

The arrangement shown in fig. Gil is in many ways preferable to 
that shown in fig. Gl, but there are a great number of purposes for 
which inclined cylindei’s are unsuitable on account of the width and 



inaeces-sibility c,f the engine. In this arrangem(mt, two pairs of 
cylinders are airanged ait i)0” to one another, the opposite pistons 
of each pair/being coupled U> fhe same crankpin, and the two cranks 
placed at 180" to each other. In so far as reactionary balance is 
concerned, there is nollfing to 'choose, between tin; two types, both 
are as good as it is possible to o'btain from four cylinders., This 
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however applies only to the case of the tw'o-cycle engine. The 
primary disturbing forces are completely balanced, and it is also 
])ossible completely to balamtc the couple along the crank, except 
foi- a very slight error due to secondary distur))aitces, for in this 
]>articular case the unlialanced components of the couple can be 
not only minimized, l)ut almost completely neutralized, by the 
addition of balance Aveights to the crankshaft. The reason foi» this 
is that in a V-type engine at 90'’ the locus of the common centre 
of gravity of any two opp'osite }>jstous is ,an almost (iireular path, 
coTisequently *the couple is rotating, not reciprocating, and can 
therefore be neutralized by means of rotating balance weights. 

Fig. 02. The general reciprocating balance ol)tained by this 



Fig. 03 


anang<'ment is very good, but it can, of course, only be used to 
advantage for t wo-cycle engines, since 'the impulses would not be 
ecpially spac.ed if the cylinders operated on the four-stroke 
cveh'. 

*• i 

Balance of Six-cylinder Engines. — For ' six-cylin<ler 
engines, the arrang(*ment shown in fig. (i.S is almost invariably em¬ 
ployed. In this, the six cylinders arc' arranged in a row along the 
crankshaft, and the pistons connected to ci-anks at 120' to oiie 
another. It consists, in ell‘ec-t, of two three-cylindcji’ engines coupled 
together, and, as in the ioAii-cylimh'r airangemoi;*, fig. -09, the two 
c'cntral jhstons arc connected to a common crank])in. Tlfe two 


intennediate and the two outside jiistons also reciprocate together. 
It is another exam])le of a “looking-glass” engine, in which the 
recijnocating couples of the two three-cylfnder units are opposed to 
OIK' am)thor, so that they tend to bend the engine' aboift: the eentral 


I»oint, but not to (‘ause any displac<;ment of.the whole mass. The 
turning“moifient and the ivactio.nary balanci' are the best possible 
for this number of cylinders. Both the yrimary and secondary 
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disturbing forces aie ])alanced, as in the three-cylinder engine, and 
at the same time the one great defect of that type, namely, the 
large unbalanced couple, is eliminated. It would appear, therefore, 
that the balaiit’e obtained by this arrangement should be almost 
perfect, and that the engine should be capabh* of running at any 
.speed without vil>ration. Tl)ere are, howevei-, other causes affecting 
the 'vibration of an engine which will be dealt with shortly, and 
Avhich have a particularly deleterious effect upon six - cylinder 
engines. . ^ 

Eight-cylinder “V” Motors. —Eight - cylinder four-cycle 
V-type engines have recently beeii extensively employed in connec¬ 
tion with .aeroplanes, and th(‘ arrangement usually adopted is shown 
in fig. 04.' In this, two sets of four cylinders are arrangcyl at ‘J0“ 




to one another, and the pistons connected to a four-throw' crank¬ 
shaft, wit!) all cranks in one plane, the two o])positc pairs of pistons 
being coniK'Cted to the s^r'iic crankpin. By this in<‘ans a regular 
turning moment is obtained, and th(‘ im])ulses ai(‘ equally sjiaced, 
there being four jjcr revolution. The primary balance* is perfect, 
but, as in tlie four-cvlitjder A'crtical engines, the secondarv disturbing 
forces arc cumulative, and may be represented by the lioi-izoiital 
diagonal of a s(juare in which the components of the disturbing forces 
of tlui two sets of cylinders are representerl by two of the inclined 
sides. Tin* totjul secondary disturbing force is therefore eipial to 

4 X Vli = 5 65 ; 

i 

that is, 5 ()5 t^imes the secondary <listurbing forces ot a single- 
cylinder, engine. In other words, th(^ s(;condary vibrations in 
engine.s' of this type are 41 per cent worse than in a four-cylinder 
vertical engine, a'nd the need for long connecting-rods to reduce 
the nuignitude of thef.e^ secondary disturbing forces is clearly very 
gieat. 
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DOUBLE-PISTON ‘ENGINES—SYNCHRONOUS 

. VIBRAtlON ' 


Double-piston • Engines. —In fiddition to tlie arraugeineiits 
■drcijid)’ yoijsidered, tliert* is als^j aiiotlier class in which two pistons 
are employed in oijc cylinder, the principal ohject being: (l) to 
obviate th(i use of a c-ombu^stioii ehambe]’, always a source of 
‘ weakne^jss, especially in very larg(' engines; (2) to obtain a better 
balance than is possible with one piston only; (3) to reduce the 
weight of the engine by relieving the framework /roin stress. 

In the arrangement shown in fig. (15 the cylinder is in the fohn 
ol a })lain, ojieif-endtMl tube, and' is provided with two pistons 
which reciprocate, in opjio.site directions, and are connected to 
cranks at 180" to oiu* anothci’, the outer piston being connected by 
nu'ans ’ol long return rods. In this ari'angenient tlu' ri'ac-tionaiy 
balance is, of course, exactly the same as in a single-cylinder single- 
]jistou engine, for this di'pends upon the- number :ind spacing of the 
impulses per revolution, and is uihiffectett by the number or relative 
motion of the pistons. In so fa,i- as reciprocating balance, is con- 
eei'iied, since the pistons are travelling in opjiosite* jilias^i, it follows, 
as in the arrangement shown in lig. 55, tliat all primary disturbing 
fori'cs are balam'cd, but tlie si‘eondary forces arc in this case uii- 
balanced and cumulative. The reciprocating weight, however, .is 
Very great, and this, as has already been shown, jias a most detri- 
niental influmice on the mi'chanical ('thciency. , ^ , 

The ari'angenient shown in fig. (I(i is employhd in the K'jllagar 
engine, a two-cycle engine which the author believes has consider¬ 
able promise of success, in tlnit it contains many of the advantages 
and eliminates soiiu* of the disadvantaji^s of the last-iAentioned 
tyjie. In this engine two 0 ])cn-endc’d *eylinders^are arranged side 
by side, and eaidi contains two ]iistons coujiled in pairs by means of 
diagonal* tie-^ods as shown. The two low^r pistons are cohneeted 
directly to a two-throw crankshaft with cranks at 180". By this 
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means the two sets of pistons converge alternately, and there is one 
impulse at each stroke, or two p(‘r revolution, so that the turning 
moment and reactionary halance ai-e the best obtainable from the 
number of eybnders. All priiuai v forces are completely balanced 
and thert' is no unbalanced couple, for the couple due to the upper 



w 

pair of ])istons i.s neutralized by that <luc to the lowej-. Tlai 
.secondary for»‘e's, however, are unbalanced, and are cumulative as in 
the four^cylimh'i’ arrangMm'nt fig. foi', wIkui the two (•lanks are 
in a horizov^tal plane, all four pistons are simultaiu'.ously disjdaced 
below the inidstroke ])osition. The lialanci' of this engine is in 
every Way identical wifli that‘of a four-cylinder four*cyc>e engine. 
The unbalanced secondary foice.s can be count(;r{ic.t(‘d by tho addi- 
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tion of a second pair of c-jliu- 
dcrs with cranks at 1)0“ to tlie 
fii'st, blit in tin’s case there 
still remains a small secondary 
couple. To eliminate octave 

distnrbances entirely it would 

•/ 

he lUMH'ssary to add two more 
])aiis of cylindei’s and make a 
lookiim-fjhiss” engine of it.’ 
The arrangi'Anuit showji in 
tij;. 07 is sometimes employed. 
WithoiU .ijoiiic’ into d^*tails it 
evidentjthat the i-eactionary 
balance is the sam«‘ ,as in an 
onlinary single-pvton engine, 
find thi|,t the reciprocating 
balan<*(' is ])erf(‘ct both as re¬ 
gards jirimary and secondary 
ilisturbing forces. 

d’lie arraygement shown in 
fig. OS is becoming vc'iy po])ular 
for two-cycle engines on the 
grounds “of the e.xeellent facili¬ 
ties it afl’ords foi- scavcuiging. 
Its balance, however, is its 
wi'akest feature. In .so far as 
reactionary halance is con¬ 
cerned it is the same as a 
single-cylinder single- [list on 



Fig. Gfi 
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engine, but, as in the arrange¬ 
ment shown in fig. 53, all 
primary forces are entirely 
unbalanced, and to obtain 
anything approaching a re¬ 
ciprocating balance the two 
cylinder units must be 
treated as single cylinders 
*and grouped in some such 
manner as afready indicated. 

The arrangement shown 
in fig.* 09 has been adopted 
by the author for ^i.mall two- 
cvele (iMo-ines, in which the 
two upper* pistons forin the 
power pistons and the lower 
^ oni* is used as a supj)lemeii- 
tary scavenge pump, as de¬ 
scribed in the volume dealing 
with two-cy('le eng,ines. Tn this 
airangement the ]-eactionary 
balance is the same as in a 
single-cylinder single-i')iston en¬ 
gine, but a perfect recipiocating 
balance, both primary and se- 
condaiv, is obtained as in the 
two-cylinder airangement fig. 
55, provided, of course, that 
the weights of the reciprocating 
parts ami the ratio of the c.on- 
ne(!ting-rod length to crank- 
throw are the sann* in all cases. 

. Engines employing 
Reverse Rotation. — Some 
designers have from time to 
time made attempts completely 
tf) balance the refictionary forces 
by the employment of two 
crankshafts rotating in opposite 
directions, so that th6 reactions 
around the two shafts arc equal 


Fig. «y , 
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and opposite and exeit stresses upon the structure but no displace¬ 
ment of the whole mass. Since, however, with modern high-speed 
engines, reactionary vibrations are of secondary importance compared 
to those set up by the reciprocating masses, the advantage.s to be gained 
by eliminating them do not seem great enough to justify the compli¬ 
cation, weight, and expense of employing two crankshafts with two 
hy-wlieels and the mechanical difficulties of gearing th(‘fn together, 
'fwo interesting and, for a time, veiy successful engines have, how 
ever, been constructed on tin's principle. 

The arrangeihent showji in fig. '/O is em¬ 
ployed in the Lucas engine, which operate!^ on 
the two-stroke cycle.i. In this engine two. 
pistons arj^ employed in a single inverted U- 
tv])e cylinder, and eac]i is connected to a’sepa- 
rate crankshaft. <The two shafts are geared 
fog(‘.ther ,in such a. manner that the pistons 
j-eciprocate synchronously. By this means it 
is cl(‘ar that all reactionary (^istuihances are 
aA'oided. Also, bv this method the nriniarv 
disturbing forces can he balanced by hicans of' 
halaiK'c weights attmdied to each crankshaft, 
for, referring to tig. 71, it will be seen that 
the common centre of gravity of the two 
balance weights travels up and down in a ver¬ 
tical plane midway between the two cylinders, 
and so balances the common centrtf of gravitv 
of the two pistons; the secondary disturbing 
forces arc not, however, eliminated, and, as in the anangeinent 
shown in fig. 51), are cumulative. This engine, therefore, is perfectly 
balanced in all respects {‘xcept as regards the set-ondary disturbing 
forces, which, Ix'ing cumulative, are rather serious. 

Th(* arrangement shown at fig. 72 is the Lan^-hester engine, 
which claims the distinction,of being probably thy ynly ci)mplctcly 
balanced reciprocating engine ever built. In this'engine two iiori- 
^ontal opposed cylinders are employed, ami the two pistons are taich 
coinuH-ted to two crankshafts as shown. These t\to crankshafts 



revolve in opp(»site directions, and the two pistons in oppositt* phase, 
<'onse(juently till reactionary, pritnary* »nd secondary vlisturbing 
forces are eliminated, and a mathematically perfect balance obtained, 
riiis e.ngirtc was tmiployed on the well-known* J.,anchester motcfr-cars 
for sewral vears, but was ultimately abandoned on the grounds 
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of corit uir;l oofiijjlicatioii, iii favour of the vertieal four- aiul six- 
cvlinJer arraut'enjeiits. 



Fi^. -i 


Synchronous \^brati6ns. —Tlieio is yet a Turtlier source 
of vibration which has already been alluded to in the case**of six- 
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cyliinler eugiiies. In this case the complete engine consists of two 
three-cylinder nnits, coupled together in such a manner that the 
two couples oppose one another and tend to bend the structure of 
tlu; engine about the middle point, but do not tend to cause any 
displacement of the structure as a whole. Now, it is a comparatively 
simple matter to design the bed-plate and base chamber of a six- 
eylinder engine of such strength that there is little to fear from 
actual structural failure; the real difficulty arises when the natural 
vii)Tation due to the elasticity of the structure coincides with the 
lunning speed, or with the period of any disturbances associated 
with the functioning of the engine. Thus, any natural vibration’ 
period in the engine structure may pick up the main piston pc’riod 
or the secondary period, or in some cases, the impulse peyiod may 
be the exciting cause, so that synchroufization may takp place at 
several different running speeds, of the engine. 

• At the times when synchronization occurs the amplitude of the 
\ ibratious is, of (‘ourse, very greatly increased, and the whole engine 
will vibrate excessively. TheAe synchronous speeds at which exces¬ 
sive vibration occurs are generally known as “threshing points” or 
“ptu-iods”, and extend usually f)ver a very nairow range of speed. 
Idiat is to say, if the-speed of the engine be increased or decreased by 
a comparatively small amount the threshing point will be avoided, 
and the.engine wdll run without vibration. Periodic vibrations 
or threshing points can only be obviated by so stiffening the bed¬ 
plate. :ind l)ase chamber of the (‘iigine that the hist synchronous 
speefl does not occui- until the engine is rtinning at a higher speed 
than it is ever intended to do under normal conditions. To do 
tliis, in the case of high-speed six-cylinder engines, ^jeeeik>itates the. 
Use of vei’y dee}) and heavy base chambers. In the author's 
opiiiion, it would be advisable, so to design the cylinders of all six- 
cylinder engines that they can be bolted together to form one solid 
block, and thus greatly add to the stiffness of the entire structure. 
Such an arrangemciut would add to the difficulty 0 / removing any 
but the outside, cylinders, but this difficulty is 'iiot insuperable. 
Ill many motor-car (‘iigines of the six-cylinder type it is customary 
to cast the cylinders in two groups of three*, an arraiigement which 
has nothing to recommend it from the point of view of wgidity. 
Periodic, vibrations of this kind are liitbV to occur in ‘'Jl engines 
ol the “looking-glass” type, in wdiich the unbahhiced couples of 
the two o» more comjionent jiarts are' o])posoir to one another, but 
they ai;t; jiarticularly noticeable in-the case of six-cylinder engines. 



2o6 


THE' INTERNAL-COMBUSTION ENGINE 


in which the magnitude of the couples is very much greater than 
in other arrangements. 

There is also a further source of periodic vihration, due to the 
torsional elasticity of the crankshaft, and this is particularly notice¬ 
able in long-stroke engines. In any multi-cylinder engine, the 
dy-wlieel may be assumed to rotate at a uniform angular velocity, 
but the cmikshaft, at the end farthest from the fly-wheel, is to 
some extent “ wound up ” during the impulse stroke, and suddenly 
released at the end of it. Thus it will tend to Hy back to beyond 
its c)riginal position, a’nd contiviue in a state of vil>ration until the 
•next impulse. At certain definite speeds the impulses will syn¬ 
chronize with the periodicity of the crankshaft, or some function of 
it, and the anuditude'of the vibrations will t)e gi-eatly increased in 
consequence. Vibrations set up in the crankshaft are nbt entirely 
self-contained, but are transmitted to the structui’e of the eimine. 
through the pistons and connecting-rods. This source of vibi-atiou 
cannot be overcome by increasing the stiffness of the chunkshaft 
without a very serious addition of weight and friction. 

. Lanchester Vibration Damper. —To obviate this sourci' 
of vibration, Mi’. F. TV Lanchpster has recently j)atented a most in¬ 
genious device, known as a vibration dani})er, whose runction it is 
to (lump out the torsional vibrations in the crankshait. This device, 
illustrated in fig. 73, comprises a small fly-wheel, mounted on tlu^ 
crankshaft at tin* end opjiosite to the main fly-wheel, it is, how¬ 
ever, lujt rigidly attached to the shaft, but is inountc'd on bearings, 
so that it can rotate independently of it. Driving coniu'ction be¬ 
tween the shaft and the fly-wheel is maintained by means of a 
friction clqtch of the multij)le-disk ty]je. The whole dampei- in¬ 
volves with the crankshaft, but the fly-wheel portion of it has 
sufficient inertia to maintain a uniform angular velocity, and any 
sudden change in th(‘ angular velocity of the shaft, due to 
torsional elasticity, involves slipping of the friction (-lutcli against 


a considerable 'resistance. 


This has the effect of rendering the 


ci-ankshaft dea(.l-.beat. It does not jirevent the crankshaft from 
“ winding up ”, but it does prevent it from vibrating when re¬ 
leased. So far as the author is aware, the Lanchester vibration 


damper, is only used pn motor-car engines, but there seems no 
reason wh^^ it should not be «:‘niployed with advantage on all engines 
in which a long frrankshaft is us(m1. The. weight of the damper fly¬ 


wheel. is trifling, as ali^o its diann^ter, for comparatively little inertia 
is required to check the torsional vibrations of the crankshaft. 
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These periodic vibrations, due to lack of rigidity in the structure 
of the engine and crankshaft, are of little consequence in engines 
of less than six cylinders, but in this ty[)e they become very serious 
indeed, so much so, in fact, that many six-cylinder engines set uj) 
at certain speeds vibrations which are far worse than any produced 
by a four-cylinder engine. It is impossible to tabulate all the 
dillercnt arrangements d(‘seribed above in order of balence, for so 



iiiucJi depends upon such factors as connecting-rod length and 
rigidity, but the following table summarizes the conclusions ai-rived 
at. 

By way of (‘omparison, it may be stated broadly that unbalanced' 
seeondai'}' forces produce disturbances whose intensicy is generalh' 
about one-sixth as great as Unbalanced primary IbrCes. 'No com¬ 
parison is given as to rigidit}^ but this must depend both upon 
tlu! length of the crankshaft and upon the couples which are 
o})posed. Broadly sjx'aking, the shorter tl^c crankshaft tlje less 
llie danger of periodic vibrations or threshing [)oints. 
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BALANCING—SUMMARY OF TYPES 


I 


1 

1 

No. of Fig. 
Doiiotiiig 
.tiniiigciiiciit. 

Iteactionary IMs- 
turbiiig Forces, 
Itatio of Total 
Nunilifi of Strokes 
to Iinpiilse Strokes. 

rrimnry 

r>istiirliiiig 

Forces 

!'y2 (four-cycle' 
:V1 ttwo-eycle*) 

53 (four-cycle) 

I'O 

liO 

;>•() 1 

unbalanced 

uijbalanei'd 

niibalaneed 

(cumulative) 

54 (four-cycle) 

irrejrulqr 

balanced [ 

54 (two-cycle) 

It) 

balanced [ 

55 (four-cyek-) 

lit) 

balanced 

.5tj (foui-cycle) 
57 (four-cyde) 

irregular 

balaneeij 

balanced 

58 (four-cycle) 

]-5 

balanced 

58 (two-cycle) 

OtiO 

1 

lulanei'd 

59 (four-cycle) 

10 

balanecil j 

fil (two-cycle) 

0-5 

balaneeil v 

(two-cycle) 

‘ 0-5 

balance'll 

(i3 (four-cycle) 

Of.6 

bii.laneed 

04 (four-cycle) 

0'5 

balaneeil j 

05 (four-cycle) j 

4-0 

(l>€M‘ cyliudei ) 

1 balanced | 

65 (two-(“ycle) { 
()0 (two-cycle) | 

•JO 

(per eyliiider) 
ro (jier unit of 
two evlinders) 

1 balanced | 
1 balanced | 

07 (four-cycle) 1 
08 (two-cycle) 

4 0 

(per cylinder) 
J'O ({K.;r unit) 

j- balanced 
unbalanced 

09 (two-eyck-) [ 

10 

(ix;r cylinde.) 

balaneed 

70 (two-cycle) 

none 

balanced [ 

I-* (four-cycle) 

none 

balaneed 




SeCDiiilary 
K(ii ces. 


I'.ilaiicf (1 
baliiiiceil 


ntibalanct'il 

niibalaiu'C'tl 

unliiilaiu'cd 

(cnijiulativf) 

iiiilialamrd 

(cuuiulativiO 

nubalainH'il 

(cuiJiulativf) 

balanml ! 

f \ 

balanced 

unbalanced 

f 
I 

A 

lanceil 

unbalanced 

(euniulatne) 

balanced 

unbalanced 

balanced 

nnbalance(+ 
(ennmlatne) 
nnlialanced 
(cuninlative) 
unbalanced 
(cninnlatixe) 
nnlialanced 
(cum Illative) 

lialanced j 
unbalanced 

bcilanceil | 

nnbalanc(‘d 

(cuninlali\e) 

balained ^ 


DiHtiirbing Force* 
due to Collide. 


none. 

none. 

none. 


} 

I unbalanced. 

I nnbalaticcd. 

none (perfect balamc 
of mass). 

very small, 
vone. 

indialanccd (very 


unbalanced (very 
larjie). 

I none 

small secondary couple, 


none. 


none (|ierfect balance 
of n'a.ss). 


} 


nom*. 

I none. 

I none. 

I none, 

none (perfect balance 
ot mass). 

11011 (1. 

noni' (perfect balance 
I of ma.ss). 

J- none. 

none (perfect balance 
I of mass and torque). 



CHAPTER XVII 


TWO-CYCLE ENGINES—CxENERAL 
. CONSIDERATIONS 

The fundamental principles of tlic two- and four-stroke cycles 
liavc been dealt with in the first chajiter of this volume. Both 
systems flave very clearly marked advantages and disadvantages, 
but it would be rash to attempt to prophesy which will ultimately 
iriumpli; much, of course, depends upon the purpose for which the 
engine is reijuircd, and upon the heat-cycle which is employed. 

Before comjiaring the two systems it will be best in the first 
place to discuss the various forms of two-cycle engine,'of which there 
arc a great variety, 

In all two-cyclc engines the last 20 per cent of the expansion 
strok(‘ and tin* first 20 per cent of the compression stroke are 
devoted io the process of expelling the products of combustion and 
introducing the fresh charge, either of jiure air or of combustible 
inixtun'. In other words, the two idle, or pumping, strokes in the 
four-cyide engine are done away with, at the expense of a small 
prftportion of the (‘xiiansion and compression strokes. To eflect 
this, ports are arranged in the cylinder wall, which are^ uncovered 
l)y the piston towards the end of its stroke, and through which 
the products of combustion are allowed to escape, until the pressure 
within the cylinder has dropped to nearly atmospheric. Then, 
cither a second series of ports, or a valve, is opened, and a charge 
of air, or in som(‘ cases combustible mixture, is introduced, gener¬ 
ally by means of separate 'pumps. This charge ‘drives out the 
remainder of the products of combustion and replaces them in 
the cylinder. It is in the method of supplying and introducing 
this scavenging charge that so griiat a variety exists. In the case 
of large engines, separate pumps are «dmost invariably employed, 
driven from the crankshaft of the engine, and eithe? timeJ to deliver 
their charge \Yhile the exhaust ports''are uiiQdX^ered, or arrangetl to 
pmripjnto a receiver, vvliich in tuTn discharges into the cylinder at 

'ui, I 200 , 14 
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the correct moment. In the case of smaller engines it is a common 
but objectionable practice to enclose the crankcase comi^letely, and 
make use of the pressure created therein by the outward stroke of 
the piston for scavenging. This system, though largely employed, 
has very little to recommend it, for reasons that will be dealt with 
lattM'. 


From the pumps the charge cnt(U’s the cylindei-, either through 
valves ari-anged as far away as j)ossible from the exhaust ports, or 
through a second series of ports on the* side of the (‘vlinder opi)osite 



I’iy 74(1 


Fig. 74'' 


to the exhaust. In the lattei- case, in .ordei- to j)r('vcnt the charge 
from passing straight across the cylinder and out through the exhaust 
ports, it is usual to provide a deflector on the head of the piston, 
the function of which is to deflect the ,fr(!sh charge uj)wards towards 


the head o‘f the'cylinder. 

It will i-eadily be seen that the suc(;ess or otherwise of the 


two-cyclc engine d(“pcnds in a very lai-g(‘ measure upon tlie efficiency 
of the .sc-avenging, and ,tlie greatest care must be exercised in the 


design' of all the scavenging a,rrangenients to ensun* that the 
maximum (piantky of exhaust gases is exp(*llcd with the minimum 
loss of air. All tlie rfii; employed has to lx; i)uniped to a pressure in 


excess of the residual pressure of the exhaust gases, an operation 
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wJiicli may involve tlie expenditure of a considerable amount of 
jjower, and obviously any escape of air tlirougli the exhaust ports 
involves the pumping of a larger quantity to make up tlic deficit. 
When the scavenging is effected by means of combustible mixture, 
as is sometimes the case, any loss through the exhaust*i)orts becomes 




far more seiious, for It is evident tliat any combustible nhxture that 
,<*sca})es is a dead* loss. In the best modern tvvo-cyc^le engines, from 
<!() to ])(U- cent of tlie exhaust gases is generally expelled with 
an ex])enditure of fiom 5 per»eent to 9 j)cr cent of the power of tin* 
engine. In .some ca.ses l)etter results have been* obtained, but 
gemn’ally at thg expen.se 
of (‘onsider{?l)le conqdieation 
and high initial cost. I'igs. 

74 o, d .show diagram- 
mati<‘ally .some of the 
cy]iiid(‘r designs commonly 
adopted for .scavenging. 

Scavenging Systems. 

— It will be well, before 
]->rocceding further, to con¬ 
sider tliese different .system,s 
in detail. In lig. 74a the 
same [)i.ston uncovers both 
the inlet, and exhau.st ]»orts, 
atid “short-circuiting i.s 
previ'iitiid, or at all events 
im})eded, by iikmus of the deflector on the head of fhe piston. As 
the pi.ston descends on the expansion strqke it uncovers, jirst, the 
exhaust ports and then the inlet ]>ortji. Now it is evident that the 
exhaust ports must be o[)ened considerably ludojc the, ^nlet ports, 
in order .that, a sutticient quantit}' of exhaust* gases may ha\e time 
to escape, and tin* pre.ssure in the cylinder be reduced to something 
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below that supplied to the inlet ports; otherwise, instead of fresh 
air entering the cylinder, exhaust gases will pass back through 
the inlet ports, and foul the fresh charge before its entry. This 
means that either the exhaust ports must open so early as to lose 
a considerable portion of the expansion stroke, with consequent 
loss of efficiency, or the inlet ports must be very much restricted, 
so that a higher pressure is required to introduce the fresh charge. 
This latter, however, seriously iiu‘reas(*s the power absorbed in 
pumping, and limits the speed. Moteovei-. since both series of 
ports are on practically*the same level, they must e»rch be less than 

half the circumference of the 
cylinder ^in width; in practice, 

' very much less, for the walls 
of the cA’linder cannot be cut 
, away indiscripiinately. Again, 
on the upward stroke of the» 
piston the inlet poi'ts are 
cTosed considerably before the 
\ c.xliaust. ami consequently a 

^ portion of the fresh charge is 

* expcll(*d througli the latter, 

though this prrdiably does not 
amrmnt to very inucl). The 
system in its simplest form, 
though widely (‘ni[)loycd, is 
Fig. ' ■ not a, satisfactory one, the 

main objections ])eing (1) in- 
sutricient ])ort arrea. with consequent increased pumping losses; 
(2) exhau.-'t open'' too eaily, and a considcralde proportion of the 
energy in the expanding gases is wasted; (({) too large a proportion 



of the cylinder wall is cut away in one plane, thus weakening the 
cylinder and causing unequal wear of the cylinder bore, due to the 
givatly reel need healing surface of the piston-rings at tliis point. 

A modification fd' this system whicli the autlKtr has advocated 
for some years, and wJiich is now employed by .several tirnis, is 


shown in fig. 75. Jn this case the inlet ports are uncovered by 


the pi.stQii sliglitly liefore tlie exhaust; but, to prevent the passage 
of exhaust ^gases back thruugh them, they are masked either by a 
rotary or some other form of valve, until the pressure has dropped 


below the scavenging'jxressure.* By this means the inlet ports can 


be made of slightly greater depth, and consequently greater, area. 
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than the exhaust. Also, since on the compression stroke the inlet 
ports arc still open after the exhaust are closed, an excess of air can 
be added if required, which is a very considerable advantage, for 
it is obvious that a very slight increase in the weight of charge 
at this point will raise the mean pressure considerably. 

The aLlditiou of such a “delaying” valve, while removing many 
of the objections from this system, adds only a slight cbmplicatiQU. 
Fig. 70 (a and li) show diagrammatically the timing of the port 
openings with and without Ihe delaying valve, from which it will 
be seen tliat tlfe etfective, inlet i)oit area is doubled without en- 



A B 

Ki'^ ”(! 


croaeliing anv further on either the eiivuinferenec of the evliuder 
or the expansion stroke. • • 

Port or bottom scavenging, generally with a delaying valve, is 
now ^ery (‘xtensively used for large Diesel engines, for it has the 


great advantage' that it leaves the cylinder-ln'ad free from anv valvc^s 


except the fuel and starting valves, and so allow.'g of much more 
eflici(‘nt cooling of this mo.'^yt 'injublesome part. .Tie sy^item, how¬ 
ever, is not suitable for gas-engines for two reasbns; (1) Tlis loss 
of fresh eharg(^ through the' exhaust ])Orts is necessarily considerable, 
and if g.is were used it would be neeessarv to fofee it into the 


<*ylinder after tht‘ exhaust ])orts were closed, and consequently 
against a .serious resistance. Where *V(>r\' rich gas wa‘i (‘inployial 
there would be no particular objection to this; *but where, as is 
generally'the'ease, the gas is of low ealorilie Value, and conserpiently 
a large bulk is required, the powei' neee.ssarv to force it into the 
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cylinder would represent a serious loss. (2) It would be very 
difficult to govern the engine over wid(‘ly varying loads, for it 
must be borne in mind that in a two-cycle engine the contents 
of th(‘ cylinder csmiiot be reduced by throttling as in a four-cycle 
<‘ngine, because at the commencement of the compression stroke 
the cylinder must always be full of air or of exhaust gases, or 
of»a mixture of the two. 


Governing by stratification, or (jualitative governing, must 
therefore l)e relied upon for .reduced loads; that is to say. the 
cylinder and the method of charging nmst always be so arranged 
that a small proportion oi‘ readily combustible mixture is undiluted 
and trapped in the neighboui-liood of the igniter. AVith bottom 
scavenging, owing to the shape o^ the cylinder, and thu diffusion 
which such a system of scavenging inevitablv'sets up, stratification 
is possible only to a very limited'extent, unlesf? a small sepaiate 
pocket be provided, into which a small chaigc of coKibustible 
mixture can be pumped. ^ 

Scavenging by Valve in Cylinder Head.- The second 
method of scav(*nging, shown in fig. 7Ah, is the one now most 
generally adopted. In this system a ring of exhaust »})orts is pro¬ 
vided round the circumference of the cylinder, and the fresh chaige 
is admitted through one or more valves in the cylinder head. 
Engines using this system should have as long a stroke as possible, 
in order that the distance between the vah(* and the exhaust ports 
sljall be a maximum. Ill large engines the inlet valve is alwavs 
mechanically operated, and since its ojieration is independent of the 
piston, its opening can be delayed until the exhaust pressure has 
fallen belo<\' the scavenging jiressure, and it <-an be held 0 ]>en until 
after the exhaust ports are closed. For this reason it has all the 
advantagi's pos.sessed by the Itottom scavenging with tin* delaying 
valve, and also the additional, advantage that, since the exhaust 
ports are arranged all round the cylinder, ample aie;i can be pro¬ 
vided without erioroaching too far on the expansion stroke or unduly 
w(‘akeuiug the cylinder. 


The disadvantages are: (1) To give sufficient area the valve, 
if of the ordinary poppet type, must be very large and h(‘avv, and, 


since it*has to be fully 'opened and closed in only about 90 degi-(*es 
movement# of tl^e crank, 'a very powerful spring must be used, 


involving heavy opeijiting gcjp’ and considerable noise, even at low 
speeds, and rendering ^ligli engin^^ speeds impossible. ' (2) The pro- 


Aision of such a largQ valve, or in some eases a number of Valves, 
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ill the cylinder head weakens this part very seriously, and also pre¬ 
vents efficient water-cooling. To give some idea of the size of valves 
necessary, let it be assumed that the piston speed of the engine 
is 900 ft. per minute, or 15 ft. per second, and that^the maximum 
permissible velocity through the valve is to be 150 ft. per second. 
Tlien, if the valve be regarded as effectively open during 72 degrees, 
or equivalent to f of the stroke of the engine, it follows»that its area 
must be irra 2 times the area of the piston = \ of the area of the 
piston; that is to say, the diiVmeter of the valve port should be equal 
to lialf the diaflieter of tjie cylindt^’ for a piston speed of onh^ 900 
ft.* per minute. In practice such-large valves are not often fitted, 
and it has l)een considered preft'.rable to employ higher gas velocities, 
in spite? pf the extra work thro\^n on the scavenging pumps. In tlic 
(•,ase of small engines, especially when the scavengings pumps are 
supplying combistible mixtur#, it is common practice to dispense 
' with aivy operating gear, and to fit the valve with a comparatively 
light s])ring, so that it opens automatically as soon as the exhaust 
pressure drops below the scavenging pressure, and closes wlicn the 
compression pressure exceeds it. To accomplish this, it is desirable 
tliat the sit'avenging pump be so •timed in* relation to the main 
piston that tin; .scavenging pressure is removed, and the valve 
allowed to close, as soon as. or shortly after, the piston covers the 
exhaust jjorts. This ari-angement gives fairly satisfactory results 
at low .speeds; but poppet valves when operating automatically 
are liable to be very noisy, and high speeds are rendered impo.ssibh; 
owing to their inertia, while, any inerea&''e in the .spring tension in¬ 
creases not only the jioise, but also the negative work of the pump. 
Moreover, su(;h valves are liable, sooner or later, to bratik, generally 
und<'r the head, owing to the severe hammering they are .subjected 


to, unless they can be partially cushioned by some form of dash-pot. 

Double-piston Scavenging. —The third method of scaveng¬ 
ing, shown in fig. 74c, i.s efficient, and has much to recomineiid it, but 
it involves the employiufrit of two pistons moving^in oppo.site 
directions. In this method, one piston uncovers a complete ring* 
of exhaust ports, while the other shortly afterwaids uncovers a 
second ring of inlet ports at the opposite end of the'cylinder. To 
obtain the requisite delay between the opening of the cxJiaust and 
inlet ports, either of two methods nfay be employed, ^(l) The ex¬ 
haust ports can be made largtu- than the inlet. This is open to the 
objection tllUt too much of the expa'iisioii stroke is wasted; however, 
thisFis not so serious as in the engine with a single piston, for both 
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the exhaust and inlet ports can be arranged round the whole cir¬ 
cumference of the cylinder, and sufficient area provided, within a 
comparatively short length. (2) The two pistons can be arranged 
so as to be o^ut of phase to the extent of about 15 degrees, that 
is to say, the piston controlling the exhaust ports can have a lead 
of 15 degrees over the inlet piston. In this case tlie two sets of 
ports can fee made identical, and the inlet conse(]uently closes 
15 degrees after the exhaust, which is a distinc-t advantage. 

When used as a gas-engine, it is ifsual to piovide two rows of 
inlet jiorts—one for air, which ‘is opened^ first and V-losed last, and 
ene for gas, which is only opened when the jji^fcoii is near the 
extreme dead ceiiti e. In this way a charge^, of air is first intro¬ 
duced, followed by gas and air, a\id lastly air alone, so that if 
diffusion does not take place to any great ejstent, each piston is 
protected by a layer of air. It is peobable, however, that with such 
an airangement diffusion is fairly complete before ignitioQ occurs.' 
From the point of view of governing, the engine, is bad, the mixture 
being too weak and too diffused to ignite regularly on light loads. 
TJie use of two pistons has much to recommend it for very large 
engines apart from the scavenging, but the advantages will be 
considered later, when dealing with the particulUr engines in which 
this .system is employed. 

U-shaped Cylinder Engine. The arrangement shown in 
fig. 7^d is really a modification of 74c in which the. cylinder has b(‘en 
bent double in the middle. . In this arrangement two pistons recipro¬ 
cate together in two cylin'ders which arc joined together at the top, 
forming a common combustion chamber. As in c, one piston 
controls tho inlot and the other the exhaust ports, which an; the 
maximum possible distane.e apart. The two pistons may be out of 
phas(; to the extent of from 15 to 20' degrees. The effect is, of 
course, precisely the same as in ca.se e, but the engine is very much 
more compact, and consequently a long stroke ttan be employtid 
without unduly*'increasing the lengtl^. or height. It has not, 
however, the advantage possessed by c that the rccipi’ocating parts 
are balanced. When u.sed as a gas-engine, a c.ertain amount of 
.stratification ca*!) be obtained by suitalile design of the combustion 
chamber^ and very fair governing is effected if the igniter be phn-ed 
directly ov(^‘ the intake pistoil. With this arrangement, in order to 
reduce the clearan'ce s})ace necessary for high compression and at the 
same time avoid throttling the' incoming charg»;, it is •j)referablc to 
make the cornbu.stion chamber into'a kind of curved Venturi tube, as 
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shown in the diagram. Apart from the question of scavenging, this 
form of cylinder has other advantages, which will be discussed later. 

Scavenge Pumps. -The next point to be considered is the 
method of supplying the scavenging air to the cylitider. In the 
case of very large oil-engines of the Diesel type, this is generally 


accomplished by means of 
a double-acting recipro¬ 
cating pump, usually pro¬ 
vided with piston valves, 
operated by an'eeeentric., 
Sometimes, however, es- 
peciall}' in the easej, of 
leversible marine engines, 
automatic plate, vt^ves, 
such as are (;onim»nly eni- 
•plo\(Hl Jioi’ modern low- 
pre.sfiun' ail- compressors, 
are fitted. Ki om the jjuiu]) 
the ail- jlasses into a re¬ 
ceiver of _ eonshlerabh' 
capacity, and thence into 
the cylinders. A pi-cssuie 
of from M to 0 11). is usu¬ 
ally sulheient, and tin* 
volume swept by the 
scavenge - immp piston 
is gtmerally fioin 30. to 
(JO per cent greater than 
that swept by the woilcing 
pistons. The actual quan¬ 
tity of air jnimped isprob- 
ahlv unknown, for it is bv 



no means an easy matter , ' 


Fig. 77 , * • 


to measure large volumes 

of air when the flow is pulsating and not eontinuous. No control 
is fitted to these pumps, which consequently alway.'f cTischarge the 


full volume of air irrespeetive of the load*on the engine.* . 

In the smaller Diesel engines it is* if very eommon practice to 
use what is known as a stepped piston, that is to say, the bottom 
of the piston is enlarged about 50 per cent fti diameter, and‘works 
in th(^ lower part of the cylinder, which is similarly enljug«‘(l, as 
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hIiowii in fig. 77. Tlic ariimlar space thus formed is used for pump¬ 
ing air into a receiver, light spring automatic valves being used 
for the suction and discharge. This arrangement has simplicity 
and neatness ^in its favour; but since it adds considerably to the 
reciprocating weight, and moreover spreads the centres of the 
cylinders and so increases the length of the engine, it is hardly 
to* be recommended. Also the efficiency of the pump is seriously 
reduced, owing to the high temperature of the piston which tends 
to heat and expand th^ air on its entiy, and so to reduce the weight 
of air dealt vrith. Not only does this lower the 'efficiency of the 
pump, but, unless an after-coolefr is fitted, unnecessarily hot air is 
d(‘livered to the working cylinder, a mo.st objectionable feature, in 
that it both reduces the specific capa(dty of the cylinder ,and raises 
the temperature throughout* the cycle. , 

Base-chamber Compression. —For small •engines of the so- 
called semi-Diesel type it is usual to employ the pressure/^et up ii\ 
a closed crankcase for scavenging. Except for extreme simplicity 
and low first .cost, this syst(*ni has nothing to recomnicnd it, but 
since it is so widely used it is perhaps worth Avhile to consider it 
in some detail. In the fir.st place, however v*arefu,lly the base 
chamber be designed, a clearance .space of at* least 150 per cent 
is inevitable. At the time when the inlet ports are fir.st opened 
the clearance space will exceed 200 per cent. If now the average 
back pressure from the exhaii.st amounts to 3 lb. per square inch 
during the charging period, the amount of air that will be dc- 
livaued to the cylindei- is about' 60 per cent of the swept volume, 

for tlie pYCssute in the crankcase will be only x 14'7 lb. 


= 22’05 per square inch absolute, or 7'35 lb. per square inch 

' . 7'35 — 3 

gauge The amount of air delivered will be — ^ - - = 59 per 

• / oO 


(jent of the swept volume. It must of course be understood that 
such a calculatvir; is but a rough approximation, and is (.)nly intended 
to give a general idea. It is ba.sed on the assumption (l) that the 
crankcase is completely refilled during the upward stroke of the 
pi.ston; (2) that the air is not heated during the suction or com- 
pressioii strokes. In practice the proportion of air actually retained 
in the cylinder seldom exceeds 35 per cent, for (l) the crankcase is 
not completely Ailed, owing to the resistance and friction of the inlet 
valve; (2) the air is ^^ery considerably heated on the suction stroke 
by the hot piston and other parts; (3) the inlet ports offei>»a very 
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coiJsitlci’aWe frictioiml resistance, especially since bottom scavenging 
without a “ delaying” valve is almost invariably employed. 

The result of this extremely imperfect scavenging is that only 
very low mean pressures can be obtained, and the dize and weight 
of tlie engine is out of all proportion to the power developed. 
Moreover, the retention of such a large proportion of highly heated 
exhaust gases, and the intimate mixing which results from this 
system of scavenging, tend ,both to retard combustion and to raise 
file whole temperature of the cycle—two, objectionable features. 
The use of the crank-chamber as a scavenging-pump is a A^er^ 
serious obstacle to the proper lubrication of the parts within it, 
esjx'cially the eonneci?ing-ro(l bi^-end bearings. Neither splash nor 
jorced li*l)rication can satisfactorily be employed, for it is*clear that 
any excess of oil \\»ill be carried by the scavenging rfir into the 
cylinder. For this reason onlj'^ the A’ery scantiest lubiieation can 
be ])roAhded. and it is probable that if the speed and the mean 
effective; j)ressurc xvere nof,. already limited by the very poor 
scaA'cnging. any considerable increase in either would be cfi'ectually 
]»rcvenlcd by the inade(|uate lubrication. 

In the fiuthor s^ opinion it is extremely doubtful whether crank- 
cliand)er compression should ever be employed, except in the very 
smallest engines, for the addition of a separate pump will increase 
tlie specific power of the engine by about 100 per cent, certainly 
without adding more than 50 ])er cent to the weight or cost. The 
addition of a separate pump, besides infivasing the mean effective 
])rcssure, will also })ermit of higher sjieeds, better combustion, and 
of the thorough and'efticieiit lubrication of all the working parts. 

< hving to the x^ery great clearance s[)ace in the crank -cIj amber, and 
the cojisecjuent low pressure of the charge, it is evident, as has been 
shown above, that any variatioi] in the exhaust back-pressure, by 
reaciing against the scavenge air, .will have an enormous influeuce 
Ujton the mean pressure*, and therefore upon thp output of the 
engine. An increase of exlraust back-pressure fr('m»nil t« 3^ lb. per 
square inch will leduce the volume delivered from 100 per (;^*rit to 


50 per cent, other things being equal, and so xvill halve the output 
of the engine. Where separate pump cylinders are employed for 
scavenging, and where the clearances ^are tom])aratively sihall, any 
variation in the exhaust back-pressure* will be ^utonnitically met 
by a corresponding x ariation in the .scavenge, air pressure, and the 
effe(;t upon tlie powei- or steadiness of the engine will be but slight, 
lo prevent as far as possible any undue exhf/ust back-pressure, and 
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also any pulsations in the exhaust in engines using this system of 
scavenging, it is usual to fit a very large expansion chamber as close 
as possible to the exhaust ports; but even witli this precaution en¬ 
gines employing crank-ehainl)er scavenging are exceedingly sensitive 
to variations in the exhaust l>ack-piessure. Care must also be taken 
to ensure that the exhaust pipes leading from the expansion chamber 
arc short, and that the silencer is as free as possible fi oni obstruction. 

8o far as the author is aware, very few authentic tests have been 
made to asetertain the, exact proportion of air and exhaust gases 
pr esent in the cylinder during' the compression sfroke of a two- 
cycle engine. Such measuremerits arc not easy to make, because 
of the gi’cat ditiiculty»of measurinjj the amcwiiit of air that entej's 
the cylinders, owing to the pulsations set up by the intermittent 
opening of tin* ports and pumji valves. If diffusion between the 
air and exhaust gases within the c5Minder were complete, it might 
be possible to obtain some useful data by taking samjiles from the* 
cylinder during the compression stn^ke and submitting them to 
analysis. Although in some cases, especially in the case of bottom 
scavenging, there is evidence that diffusion is fairly eomjilete, in 
other cases there is eciiudlv strbnij evidemje.to shbw that v(;rv little 
diffusion occurs; consequmitly analysis would show widely varying 
results, depending upon the part of the cylinder from which tlie 
sample was taken. Two reliable tests, however, have reeeiitly Ix'cn 
pul)li.sh(id, one by Ibofessor Watson on a small Day two-cycle petrol- 
engine, using bottom .sea^’Vnging and crank-chambei- pumjiing, and 
one by Professor Ilopkinson on a Fullagar gas-engine, using })ort 
scavenging with oppo.sed pistons and a separate pump. The results 
of these investigations ai'c as follows:— 


rnoi'E.s.soR W.\'i's()x’s Tests on a Day Entune 


Diameter of cylinder 

Stroke of piston . 

Swept vvjlumo 

Total vo'luiue (from bottom of stroke) 
Volume swept by pump piston 


3-2.5. 

3-2.5. 

27 cu. in. 
34'.5 cu in 
27 cu. in. 


1 

’ RP.M. 

I'istoti .Speud 
(f.-et 

iiiiiiiiti'). 

Voliinii* ili'Iivered 
by Craiiki'iisc 
(i iiljii- Indies 
poi btrukc). 

VoliliiiP lost 
tliroiiKh Kxliaiist 
(I'llliic iiidii.-s 
pci Htriiku) 

ViffujiM’ rotttiiied 
in <'yliiidor 
(fulnr inrhcs 
striike). 

Jtaliii Ilf V'nliiiiic 
ictiiiliuil to 

Tnt.Ml Volume. 

• 


CU. iu. « 

cm. in 

(Ml in 


boo 

**32.5 , 

lG-7* 

.51 

JIG 

.‘>.*5-G pel' cent 

900 

497.5 

. 17-1 , 

5-7 

11-4 

.330 

1200 

G;50 

•14G 

3-5 

11-1 

•32-2- 

1.500 

812-5 

126 

' 2-4 

10 2 

29 3 ,, 
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The tests given above represent the very best results wliieh 
Professor Watson was able to obtain, after modifying the ports in 
such a manner us to obtain the highest possible volumetric efficiency 
in the crankciise, .. 

Professor Jlopkinsorrs tests on a Fullagar opposed piston engine 


500 B.JI.P., running at 250 K.P.M., 

Diameter of cylinder ... 

Stroke of each piston ... 

Swept volume .. 

Tottal volpme ... ...; 

f 

gave the following results : 

. 12 in. ’ 

. 18 in. 

... 230 cu. ft. 

... ' ... 2-7.5 cu. ft. 

• 

K I’ M. 

PistoTi Speed. 

• » 

Volamc tlelivered 
by Blower. 

Voluiue I'ctaiMcd 1 

1 

ff 1 

Ratio of Voliiiiie | 
retained lo 

Total Volume. 

i 


i-u ft 

cu. ft. 1 

- 


7.')0 

2-70 

' 1-78 

(!5 per cent 

1 2r)0 

* 750 

1 1)12 

1 20 

43-5 „ 


(half load) j 


In the (‘,as(‘ of the FnllaffiiV eiiniue tlic scavenge air was delivered 
tt» the ports by a separate blower, the measurement being made on 
the intake sule. cd’ vlie blower. Tf, as»niay be sn])posed, these results 
are accurate, the percentage of air lost to the exhaust clearly points 
to tlie hict that iliffusion has taken place to such a considerable 
extent that the inlet and exhaust gases are almost completely mixed 
before the closing of the ports, it should be pointed out that in 
this particular engine theie is no lead on .the piston which uncovers 
the exhaust ports, hence these [)©rts are *ck)sed considerably after 
the inlet. No doubt, from the point of view of scavenging, a con¬ 
siderable' improvement could be etlected by giving tlie exhaust 
[eist.on a lead of la to 20 degrees, and reducing tin* height of the 
exhaust poits corre.sjeondingiy. It will be observetl, however, that 
the ]»ercentage of air retained in the cylinder of the Fullagar engine 
is practically double that retained iii the Day cylinder, using crank- 
chamber displacement and running at the saihe piston .speed. 

Por the purpose ctf considering both engines on the same Ij^sis, 
lh(' author has referred the percentage, volume of air retained to the 
total volume of the cylinder, when the pistons are at^ their extreme 
out centre. With two-cvcle enjjines it is ajwavs difficult t® decide 
where the efi'ecti\'e stroke ends. It *is, certainly at some point 
considerably before the extreme dead centre, thortgh exactly how 
much befoiie imist dej)end upon the design of tiie ports and the*speed 
‘it which the engine is running. In practice, when comsidering the 
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moan pressure of two-cycle engines, it is usual to refei’ it to the 
full stroke, and this will he done throughout this book. In the 
four-cycle engine it is usual to oommeiK'.e opening the exhaust valve 
about K) per yent before the end of the stroke, but since this valve 
is relatively small, and tln^ opening relatively slow, the pressure drop 
before the end of tin* strc^ke amounts to very little. In two-cycle 
engines, on'the other Inind, the exhaust ports usually (jonimence to 
open from 20 to 25 per cent ))efore the end of the stroke, and since 
their area is large and the rapidity of opening great, the pressure 



in the cylinder drops abruptly, and no fuither work is doin* on the 
piston during the last 10 per cent or so of the stroke. This ditferenee 
is clearly shown in tig. 7H, where two actual diagianis, oin* from a 
two-cvcle and one from a four-cycle (mgiin*, are i‘(Mluced to tin; 
same scale and superimposed. Unfortunately, howev»*r, tlie diagram 
taken from the 'Lwo-eycle engiin* shows a loss far lielow tin* average, 
the ^engine being a veiy slow-speed type with exhaust ports all 
lound the circunif(*rence. In eoniparing the j^erforinance of two- 
and foui'-cycle*-engines this feature should be b<jrne in mind, and it 
must be* leniembered tli/it the loss of 10 or 15 pci' cent of the stroke 
i.s the forfeit that a two-gy('le ('ugine must pay in ord(*,i- to obtain 
an impulse ever'/ revolution. 

Scavenging of Gas-engines. —When the two-.c.ycln system is 
employed for explosion engines, the ditiiculty of efficient scavenging 
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is considerably increased, for not only is it necessary to expel as 
much as possible of the exhaust gas, but this must be done without 
the loss of any com})usti)>le mixture. Any loss of air through the 
exhaust is serious in tliat it increases the work thrc^wn upon the 
scavenging pump, but this is insignificant compared to the loss of 
efficiency which results if any of the fuel is allowed to escape. 
Attempts are made to ensure against the loss of fuel in two ways: 

( 1 ) By scavenging first with pure air and then adding the gas, or 
a rich mixture of gas and aii‘, at a later period. In this case it is 
assumed that w^^atever loss occurs is of air and not gas, since the 
air,.having entered first, is the first to reach the exhaust ports.' 

(2) By so designing tlje entry port or valve, and the whole of the 
f'^'fiibustion space;, that the fresh chai-ge enters at low velocity, 
generally in the form of a gradually expanding cone, .the object 
)M‘ing to prevent^dirfusion and . encourage stiatification. If there 
i)(', no diffusion, it is evident that there will lx; no loss of fresh 
charge through the exhaust ports, until the whole of the exhaust 
gases have l)ecn expelled. W'ith this system, which in the author’s 
opinion is the better one for small engines, no .separate air-scavenging 
chaig<’ is iequired,.con.sequ(;ntly only ©lie pump is needed, supplying 
a ini.xture of gas and air. 

.Viter numerous tests, the author has found that, for all-round 


work in •the case of small engines, there is very little to choose in 
overall elH(;iency l)etween the two .systems, for the extra power 
required to drive two separate pumps ;ieutralize.5 the advantage 
that the air-.scaveiiging .system may pos.ses.s' in the way of immunity 
from fuel loss through^ the exhaust jiorts. In this, as in all other 
questions of de.sign, {consideration must be given to the size nn<l 
the particular conditions under which the »;ngine will be required 
to run. For large engines ’the air-scavenging is probably to be 
preferred, l)e(;ause: (1) With very large pumps delivering com¬ 
bustible mixture there is always a' risk that an explo-sion in the 
[)unip may cau.se considerable damage. (2) In largf engines where 
the rotational speed is comparativtdy low, the frictional and tluid 
losses due to the two pumps are smaller in comparison; their losses 
in a well-designed modern gas-engine .should not tc^ether exceeil 
10 ])er cent {)f the total indicatixl honse-p^wer. 3 

Idle objections to the air-.scavenging’.system are: ^ 

1. The use of two independent jiumps is costly, conipliccated, and 
involves a^conaielerable addition to tln.^ mechaaical friction. 

-••In spite of the use of .sopanfte pum{)s, if the gas and air both 
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enter through the same valve or ports, there is a danger of the gas 
being driven back into tlic air passages and pump, or vice versa, 
in wliieh ease the advantage of air- scavenging is lost. It is by 
no means easr to arrange for separate A'alves or ports for the air 
and gas, nor is even tliat a certain )-omedy if both are in communi¬ 
cation with the cylinder at the same time. This difficulty can be 
overcome t6 a certain extent by the employment of a secondary 
air-seavenge, that is to say. by the admission of a second charge of 
pure air following the charge of gas, in order to clean out the ports 
tand passages. ^ 

3. The difficulty of governing. If the charge is to be hoino- 
geiioous, it is necessary that there shall be eoni])lete diffusion of the 
gas and air: and if they are admitted separately, such^ diffusion 
must take place within the cylind(‘i*. Tins is, the condition neces- 
saiy for full-load running. If it be- recpiired to ron on light loads, 
and the proportion of gas is considerably reduced, such diffusion’ 
will result in the formation of a mixture too weak to ignite. If 
it were possible so to design the engine that the gas and air were 
thoroughly diffused on full loads and stratified on light loads, the 
necessary conditions would be fulfilled, but it is not easy to see 
how this could be accomplished. 

By employing a single pump delivering a homogeneous mixture 
of gas and air, and aiming at complete stratification of the com¬ 
bustible mixture and exhaust gases, gfAcrning is rendered fairly 
simple by meiely regulating the (piantity of combustible jnixtnre 
admitted at each sti-oke, a small proportion oidy of the exhaust 
gases being expelled on light loads. At the same time a very 
much cljeaper and simpler engine can be lu'oduced, and the friction 
and fluid losses can be reduced to a minimum. The objections to 
this system are: 

1 . The danger referred to before of a fire-back into the pump 
cylinder. In com]:)aratively small engines it is easy to make the 
pump mechanism sti'ong enough to withstand this, for, since the 
compression realized in the pump cylinder sehlcun exceeds 3 or 
4 lb, per square inch, the maximum pressui’e attained in the event 
of an explosi'otl in the pump is not A ery high. 

2. Since eomj)lete stratification is not obtainable, a certain [)ro- 
portion of the combustible gas(‘s does mix with the exhaust and 
pass out of the exhaust ])orts. This loss is very small when running 
on light loads, but maj- become serious when the proportion of fresh 
charge exceeds about 50 per cent of the total cylinder volume. 
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Comparison with Four-cycle Engine. —It is popularly 
supposed that the two-eyelc engine is vastly inferior to the four¬ 
cycle in thermal (iffieieney, and that the fuel coiisuniption is very 
much greater. However true this may have been in^the past, the 
(lirtbrenee at the present time between the best examines of each 
type is not so very great, being usually only about 10 per cent in 
fav'our of the four-cycle. This may be attributed to »three main 

causes: 

1. The lower mechanical ctiieieii(;y of tlm two-cycle engine, due 
to the sej)arate Seavengiugvpump with its greater friction and fluid 
los.'fles. 

2 . The fact that rdter combustion the ga,ses arc not expandctl 
to the same volume as before. 

:i. The loss of UL'burnt fuel through* the (‘xhausl in the case of 
explosion engines* only. * 


The first of these causes is ipiite ol»vious, for it follows that the 
extra piston of the scavengii'ig-pump, together with its operating 
gear, must add somewhat to the friction, and that,’ owing to thrfi 
shoi’t time available for charging, tho gas velocities must Ijc higher, 
with a cousecjuent fncicase of fluid friction. Moreover, the valves 
of the scavenging-pump itself will atld still further to the .fluid 
htsses. AVlien, however, all these conditions are taken into con¬ 
sideration, the difference in mechanical (*tticicncy amounts in large 
engines to only some 6 per cent in favour of the four-cyclc engine. 
In cases where the crankcase is cnaployed'for scavenging, the extra 
friction loss due to a separate pump is avoided, but the fluid losses 
are increase«l proportionately, owing to the fact that* the ;iir or gases 
are compj cssed in the base-chamber to a consid(‘rably higher pressure 
than is necessary, and then released without doing any useful w'ork 
when the iidet ports are opened. An average of a great numbei- 
of tests shows that tin* mechanical etliciency of a good modern twd- 
cyele gas-engine may be taken as about 80’to 82 j)er cent for all 
sizes when the piston s[)eed is about 750 ft. per* minute. lifU-ger 
sizes do not show better results, bei'ause sejiarate air-scavenging 
IS gmierally employed. The mechanical efficiency '^♦f-a four-cycle 
engiiu; generally ranges from 8G per cent yi small sizes to, 88 per 
cent in large engines. In the case of .Diesel oil-engines, ownng 
to the j)ower requireil to drive the high-jiressure air-coni[)ressor and 
tlie heavier reciprocating jiarts, the mechani^wil efficiency of both is 
•^on)e.12 per (icnt lower, and the difference is consequently even less. 


Voi, I. 
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The second cause is less obvious, for the point at which com¬ 
pression may l)e said to eomnieiiee is not very definite. As a 
general rule, the pressure in the eyliiuler is about 17 lb. per square 
inch absolute ^at the moment when the inlet port or valve is closed, 
which may be assumed to occur when tlie piston has travelled ovm' 
20 pel’ cent of tlu* eonqiression stroke. Then, assuming adiabatic 
copipressioii, the point in the stroke at which the pressure would 
be atmos])licric may be found as ftdlows; -- 

X 147 = 17, 

147 
= I-IG, 

• wlit'iiee .r = 1'175. 


That is, the compression comnumces 17’5 p(*r cent ^before the closing 
of tlie in](‘t valve, or 2 o ]»er cent after the out centre; but, as has. 
been shown before, owing to the huge ari'a and tlie I’apid' opening 
of the exhau.st ports, the expansion Strokt* may be considered as 
complete when the piston is 10 jier cent from the (Mid of its stroke. 
If, therefore, 17 11). [^M■ .Mpiare.inch be taktMi a.s tlie ])r<‘.ssur(‘ in the 
cylinder when the jiorts ai(‘ closed, and it is about the av(M-age 
figure. tluMJ the ga.ses arc* exjianded to only 02’5 jier cent of th<*ir 
original N’olunu*. In many casi*s the (*xpansion ratio is evi'ii h'ss 
than this. The effect of this, uf etair.se, is to incM-easc* the pr(‘ssure 
and temperature at the point of ri'lea.se and lower the etficiency, 
owing to the greater amtaint of heat rejected to the exhaust. The 
lo.ss due to this cause is not large, but it must be taken into con¬ 
sideration v,hen<accounting for the lower etti(*ieney of the two-eyeh* 


engine. 

The third cause, that due to loss of unliurnt fuel through the 
exhaust, is only of importance, among welbih'signed engines, in the 
ease of those which eoni))res.s' combustible mixture: it depc'iids 
very largelv iq»0n the ‘design of the .eylindc'r, the c^xact timing of 
the yalv(*s\)r ])oi'ts, and the length and size of the exhau.st ])ipe,s. 
With engines using bottom scavenging, no delaying valv(*s, and 
onlv a detle(7ov on the piston-head to ])revent short-circuiting, this 
ht.ss is {^/‘rtainly largi;, ip .some (*,a,ses exe(*(“.ding 20 ]H'r e.ent. Such 
a .system of charging, how^i'ver, cannot be too strongly condemned 
for engines Avlifdi seavi'iigi*. with eombii.stible mixture. When 
sccavenging is effeett'ak through a valve* in th(^ cylinder, by .so 
designing the cylinder as to encourag<*. stratification it is po.ssiblc 
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to i-edu(((} this loss to a very small pereeritasjo. With opposed 
pistons, owing to the diffusion which takes place, the percentage, 
is large]’, but still need not be great. 

But for the deficiciiicies just mimtioned the thermal efficiency 
of a two-cycle engine should be higher tlnin that of* a foui’-cycle 
eini»loying (juantitative governing when running on light loads; for, 
sinci' the weight of gas in the cylindei' is always approxijnately the 
sfiiiie, a comparatively high mean pressure can be obtained witli 
a small rise of temperature, and consecjuently the losses due both 


lo the inereasijig^specific hi‘at of the gases at high temperatur(‘s and 


also to radiation ar(‘ gre{itl5' reduced. In .otln'r words, a two-eveb*. 


cngiiHJ ein])l()ys (pmlitative governing, with all the advantages which 
fhal S 3 ^stcm bestows. * 


4 



CHAPTER XVIII 

‘ EXAMPLES OF LARGE TWO-CYCLE 

GAS-ENGINES 

( ' 

Tlic Ovclicllmiiser gfis-viigiiie js probabl}’ the best-known exaniple 
of the type in which the system of secondary pure-air siavenging is 
employed. In this chgine, as will ,be seen from the sectional draw¬ 
ing in lig. 79, two pistons are employed in one long cylinller. One 
piston uncovers the exhaust ports, ^and the ofher^ two rows of inlet 



/■'ig. 7!l —Oiatfrain illvstratuig PriucijJi* ul the OeclidiiausL’r Kiiginc 


ports. The first row to be uncovered, and the last to be closed, 
admits purp aii> while gas is admitted tlirougli the second siuies. In 
this way, pi imary and secondaiy pure-aii- scavenging is effected in a 
\'ery simple manner, and with little risk of any gas passing 
into the scavenging air. It is also claimed that each piston is 


protected by a layer of pure'air, but, as has been jointed out 
jireviously, thete is probably far too much diflusion for this to 
i)i‘ of any consequence. The us(i ol two pistons travelling in 
ojiposite directions has certain very marked advantages both from 
the thermody-uamic and mechanical point of view. Considering 


first tlip thermodynamje advantages. (1) A very long effective*, 
.stroke can be employed ip eonjunction with a high rotative sjieed 
so that tnc expansion is much more rapid than when a single 


piston is u.sed, consfc^juently' the heat loss during thi; .expansion 
stroke is reduced. (2) The cOmbu.stion chamber present^? tlie 
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iniiiijnuin po.ssible surface; for, owing to the long stroke, the layei- 
of gases at the end of (“onij)r(*ssion is very thick, wliile the exposed 
surfafics (lousist only of a portion of tlie cylinder liner and the two 
j)iston-heads. There arc no pockets or recesses wh^ch can clu'ck 
the free tnovement of the gases during combustion, so that the 
eoniltustion of the whole, mass of the gas is very rapid, (.‘i) 'I’lie 
aljsencic of any uncof>le<l A^alves or considerable thiekmfss of metal 
iit any oin* ]toint, whicli may Itecorne overheated, permits of the 
use of a liighi'i- com])ression, without risk of pre-ignition, than is 
])o.ssible Avith odlier desigijs. • 

•Tlie mechanical advantages arfl*: (1) The two pistons moA'ing iif 
o))p(Jsit«‘. «liie(5tions giw a nearly perfect balanpe of the moA-ing parts, 
ihus ]teriiiitting of high rotative s})eeds. (2) The cylinder-head, 
always the most trowldesome ])ail in Ihrge engines, is eliminat(‘d, 
and j'cplaeed by 41 second pisti^n. (.S) Since the crank is pushed 
•hv one 4 )isron and pulled by the othei-, the bearings, bedplate, 
and fjaming are relie\ed fi-om all stresses under normal condi¬ 
tions, and th(*y can thei-('fore be made ATu'y light. ^ (4) Since the 
('\'linder is a plain baiael of unifoi’tn thickne.ss it is easy to <*-aSl., 
and is les^ liablt to internal stresses, due*to contraction, such 
a-, occur in lh(^ (JA'lfndei'-heads of singh*-piston engines; for in sueJi 
engines th(' casting b('eo]nes complicated, owing to the A'alvc ports, 
])assages*, i.S:e., and is seriously weakened both by internal cooling 
strains and by temperature ditlerences, due to the uiierjual thickness 
of (he metal. iMucli is clainu'.d for this feature, but in •pra<-tice tin 
advantage is not so great as niiglit at tifst sight apj)ear, for it is 
neeessars t(» ]UOA'id(' bosses, and to pierta*. the liner in several jdaces 
loj' th(‘. igniters ainl staiting \al\es. and these ncctSssarflv inierferi* 
Avith its free' ex])ansion. and are a source of local wt'akness. 

'file principal objections‘to this (dass of engine aiv: (j) Owing 
to the Jiece.ssity for a three-thnnv crank and tliive eonnecting-rod.s, 
cross-heads, slides, &c., rcf|uired for each single-eyjinder unit, the 
<‘ost of manufacture ])cr eljW'tiA^e horse-power is yery^high, and 
the engine has had dithcultA" in competing with The ilouble-aiting 
two-cycle engine on this account. (2) Owing to the long return 
<ounec,t.ing-ro(ls, necessary to conneeT the outei’ piffCOiis Avith tin' 
i iankshaft, the length or height of the. (ingine is A’ory nonsidor- 
able, an<l the weight of the reciprocating* masses is gnait^ Against 
this latter objee.tion, howcA'cr, it must be. I’cmeiifbercd that they 
are avcII "bahfnced, and external cross-heachs arc proA'ided •Avhich 
grea1)iy reduce the piston friction. 
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Artual tests on Oe(;lielli{insor engines liave given the following 
ex(*.(*lle,nt results:— 

Test 1: 500 liorsc-powe.r siiigle-cylimlei* Oeolielhaiiser gas-engine, 
teste<l by Pvd-fe.ssor E. >l(“yer in the Borsig Woi-ks at Tegcl, near 
H(*rlin. Tliis engine consumed eoke-ONCii gas ccuitaining between 
40 ami 50 ])er cent by Aoluine of hydrogen (IE), and having a 
leaver lieating \alue of .‘150 to 4.33 B/IW. per cubic foot. 

'riie following are the leading dii^iensions of this engine:— 

j Diapioter, 'JU Ci in. j ('onila’iied .stroke, 7-1'.31 la. 

Stroke front jWstoii, .‘iT'o in. ■ Swept folinne = 'JO on. ft. 
[ Stroke .back piston, ,37".‘II in. j (.approx.). 


Power rvlindei’ 


Air-scavenginti pnrnp ( llore, 44 S,"i ni. 

(double iieting) ... i Stwjke, 19’7 in. 
(bis-pntnp (double /'Bore, 113*:i in. 
iiotiiiir) ... ... I Stroke, ItJo in. 


) Swept \oluine = .30"0 cn. ft. 
(• (aij]H'ox.). 

I Swept volume i-- .s-0 cu. ft. 


'file ratio between the \olume kwept by the pt)wer ]»istons and 
the air-sca\(*nge pi.stons is. therefore, ] : 1’5. ti \erv high ratio. If 
the capjieitv of the gas-puni]) be added to that of the tiir-.seavenge, 
the ratio ihen,becomes 1 : 1‘O. 

In this particular instance the engine was employt'd for driving 
a blowing-tub, and the mechanical friction includes that due to the. 
pi.ston ajid stuffing-boxes of the blower, for tin* brake* hoi‘se-j)owt*r 
of tin* (*nginc is d(‘duced from the* ])ow(*i- indicated in the blowing 
cylinder. 
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Tlie thermal eliic.iency, in terms of the iudieated hors<!-po\ver in 
the power ('.ylinder, as shown here, is remaikiihly oood, and is equal 
to the best results ever obtained from a modern four-cycle engine, 
but wlien it is reduced to the B.II.l*. tlie very poor mechanical 
eth(*icney rather spoils the performama*. It is evident, when 
analysing these results, that tlie fluid losses are altogether too high, 
due partly to the excessive (*apacity of tin' air-jiuniq), which, is 
eviilently delivering too great a volume of aii- for the puin[) valves 
Mud inlet ports to pass without serious back-pressure. This is clearly 
indicated by exffmining Tests 111 ami IX. ihe mean pressure is the 
saiiae in both cases, but the piston K.|)eed, and hence tlu* gas velocities* 
arc ri'duced in IX, wlple the fluid loss drops from 15'8 per cent to 
;rG4 ])cr cent. The ])urely mechanical friction has diopiied fioni 20 
per cent to 18‘0 ])er I'ent, a very small difti'rence. 

1 'he admission of this very large volume of air probably inqiroves 
*tli(‘ indicated thermal efliciency slightly, by lowering the initial 
lenqierature of the working fluid, but any gain from this source is 
more than counterbalanced Iw the extra fluid and friction losses, 
Witli modern two-cvclc engines the fluiil loss due to scavenging 
should not.grcally exceed 5 per cent», and in this case it is probalde 
that betti'r luake thermal elliciimcies would have laien obtaineil had 


a small(T air-]min]) bi'cn used, and had th(* exhaust piston lieen given 
a slight* lead over the inlet, thus permitting of the use of huger 
inlet polls. This engine afl'ords a very good example of the danger 
of coni'cntrating too niueh on the thcrpiodynamic, to*, t he neglect 
of the mechanical efliciency. Suppose tlutt in Jest III less air had 
i>een delivered, and tjiat the fluid loss had bemi reducid t(* 5 pel 
ciMit at tlie exjicnse of I per cent loss of thermal eiSch'iX'V, then the 
Inake thermal (‘flieienc.v would become 28'5 ]ter cent as against 25 
per c(mt—a very substantial improvement. 

In a later test on the same engine, I’rofessor Meyer obtaineil an 
iudieated thermal i‘fliciem‘,v of ]icr cent and a brake thermal 

(‘flicienev of 2H'8 per cent: eertainlv a reinarkable result, but the 

1 • ^ • • • 

author is not aware wliat modifleations, if any, were made tjp the 
I'ligine between the.se two sets of tests. 

Such high imlicated thermal (‘fticiencies as tljwe show very 
clearly that the loss of unburnt fuel througii the exhaust ports must 
he almost ni*gligible. * • 

The manufacture of ()<*chelhauser engines has*been undertaken 
in Great* Ihkain by Messrs. Williahi Heawllnon* tS: Co., latd., of 
Glasgow, who have redesigned aild considerably im[)roved upon the 
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(.Joi’iujiii models. Fig, 80 
shows !i pliotograph of n 
1 500-lioise-power single- 
cylinder rolliiig-inill eii- 
gin«‘. Messrs. Beurdmore 
liuve greatly i'e.din‘.ed the 
frietioii lossivs hy lighten¬ 
ing the leeipioeatiiig parts, 
and at tlie same time they 
have. (Mifcirel}' rodesigTaal 
th(‘ air-sea\enging ])ujnp, 
find liave smau'eded in 
ledneing tlie 11 aid loss(‘s 
to h«-low 7 pei' e.(Mil at 
full hvnl and normal 
.■^peed. No ^'ery mark(*d* 
im])rovement has Iji'en 
Jiiach' in the l»-ake thermal 
etHeieney. hut this isj)j()h- 
ahh' dii“ to tlx* Tact that. 
lli(* eitgiix*-;, as now built, 
have a very muelt shorter 
stroke, necessitated by 
ihe slrenuons eomp(*tition 
which left jx.) |)laee for 
ihi- ea.j'lier costly and 
bulky long-stroke engiix's. 
Moi'eover. tlx* author is 
not aware of any instaix-e 
in w'hieh Messi's. r>eai-<l- 
mort's <*ngin(*s ai'c using 
eoke-ov(*n gas, which, 
owing to its richix*.s.s 
and rapid inflammability, 
would teixl to show a 
higlx*r thermal etliciejx'y. 
With ])i’odu(;(!rgas, Messrs. 
Bcardmon* guarantee that 
tlx* brak(‘ theriual elli- 
e.i«*.nc.y will. e.\e(*<*<l iZa’Ji 
p(*r cent, which (‘Oiii,pares 
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C‘llL!lll(*,s. 


The Fullagar Engine.— Tla^, Fulliio-ar euoiirtra photo and 
•Section ot which are shown in lii^.s. 8i and is a \ cry modern pro¬ 
duction, and is in effect a inodificatioh »f the Occlicdhai^ser engine, 
tliat it employs two oppo.stuj ])istons in (‘aiih cVlindei-. lint tln‘ 

1 • * • * • * " 

H> nttl'™ ^ reiid liy Mr. Fulliioar liefoiv the North-Fust (.'must Tnstitutioii of Eii<,;iiieei.s 


















234 


THE INTERNAL-COMBUSTION ENGINE 


Joiiff return coiinectiiiij-rocls, and the nceessity for tlie use of a three- 
throw cranksliaft. have been done away with by arranginc; two 
cylind<‘rs side by side, and coupling the lower piston of one to the 

upper piston of the 
otluT, and vice 
v(Msa, by means of 
lijnht diagonal steel 
tie - rod.'>. If the 
stroke* is fairly long 
in ‘i’elation to tlie 
bore, the angularity 
of tin ‘se ties is not 
ex(‘,(‘.ssive,, and is, 
in fact, consid(*ra.bly 
h'ss than the maxi- 
Tuura angularity of* 
tin* connecting-rods. 
The thrust due to 
the diagonal ties is 
ta'ken ly outsiele 
cross - heads, which 
can be kept cool and 
well lubricated, so 
that tin* frietion 
loss due to this 
cause should be 
V(U'y small. 'fhe 
whole design is at- 
tiactive in that it 
is at once simfiler, 
cheafiei-, and more 
in the 
eii- 

girn*. Only the 
lower ])istons are 

l<ig. S2.-Si‘ction of Fullagai Kiigiiio C-Olinected tO thc 

• 0 crankshaft by single 

connecting^-rods, so that a plain two-throw ci'ank with cranks at 
J8() degrees suttft:es for both cylinders and all four pistons. 

In'the only examjtle about which tin* author has' any detailed 
information, air-siravenging alone is (*mployed, the air being sujrplied 



1 ^ ('omfiai't tiiai 

(lechelhauser 
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])y a rotary fan or blower. As explained previously when dis¬ 
cussing scavenging efficiency, the volume of air de.livered to the 
inlet port of this engine is very little in excess of the swept volume 
of the cylindej*, yet the Fnllagar engine can obtain as high a mean 
pressure as the Oechelhausor, indic,ating that the 50 per cent excess 
of air supjdied to the latt(*r is unnecessary, ffas is suppli(‘tl to 
tlie engine by nuians of a small reciprocating pump, and'is admitted 
thiough a valve direct into^ the combustion chamber, not through 
ports as in the Oechelhauser. The timing of this valve is such 
tliat the gas ft driven jnto the •cylinder immediately after the 
closing of the exhaust ports, and befon* the compression in tli^ 
evlinder ofl'ers too high a resistance. This methoil, though excel¬ 
lent, is fiiily ])racticable with very rich gas, in which onjy a small 
\oliinie is recjuired.. It would not Im* jaissilile to ailinit a large 
\olnnie of ])oore 4 - gas into tlrt* cylinder after th(‘ closing of tlie 
* exhausU ports, without absorlung a very considerable amount of 
power in the gas-])uni]), or introdining so large a valve port in 
the wall of ihe cylinder as seriously to weaken tin; structure of 

th(‘ c-vlintler itself. • 

%/ 

Tests *nade (fn this engiiu' by )’rof(‘ssor llo])kinson showed an 
indicated thermal *etlicien<-y of d7 per cent, and a braki* thermal 
ctlicimicv of slightly over dO per cent when running on town's gas. 
The mechanical (‘fficieiuy was found to Ik* about 81 per cent, but 
I’roh'ssor llopkinson states in Ids rejiort tliat an even highei- 
etticiciicv Avould iiave been ol)taim*d .had the scaVif'nuing been 
effected bv a moi'i* efficient forni of lilotver. 

The Korting Engine. —The Korling double-acting (*ngine, 
oi iginally introduced by Korting Brothers, of Kortiflgsdorf, Hano\ ei', 
is modelled on the earlv Glerk engine, and has met with the greatest 
measure of success of any’ large two-cycle gas-engine u]) to tJie 
]»resent time. Gnsat numbers of these engines hax e been built hi 
Germany by various licencees. The engine is no^longer manufac¬ 
tured in Great Britain. One of the larg(‘st* installations of Korting 
engines is that at Lackawanna Steel Woi'ks, Bunalo, umountyig in 
all to 40,000 B.II.r. I’Jie installation was manufactured anti put 
np by the Ue La Vt'igne Machine Company of New-J^rk. Figs. 83 
and 84 show a typical .single-cylinder Kortjing engine. • 

Dealing first with the general fea 1 tiu-es of the design, it will be 
seen from the photograph, fig. 83, and the sectioiull drawing, fig. 84, 
that a doubl^-acting cylinder is employed, wifh charging or seaveng- 
ing»valves at each (‘iid, and the exhaust ports all round tlie cylinder 
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Fig. 83.—The Korting Engine 















examples of large two-cycle gas-engines 237 

























238 


THE INTERNAL-COMBUSTION ENGINE 


in the middle. A long jiiston is fitted, its length being about 20 
per cent less than the stroke of the engine, so that the exhaust 
ports are uncovered to each end of the cylinder during the last 
20 per cent of each stroke. The two s( 5 avenging-pumps, one for 
gas and one foT* air, are ])laeed in tandem at the side of th(‘. c}dintler, 
and driven from a separate eiank, having a l(;ad of about liO 
degrees ove*- the main ej-ank. No receivers arc employed, the 
pum])s delivering direct into the cylinder. In this ease it is nee(‘s- 
sary that their delivery stroke shall bC so timed in relation to the 
main piston as to reduee the flliid losses to a minbiium. By thus 
dispensing with the use of reeeiyers it is olivious that the ]>ump 
losses can lie considerablv ri'dueed. In order to aive a lead to 
the air, the suction A^alve of the gas-pump is kept ojien in the 
German design during the.liivst 40 to 50 per cent of flie puni]) 
stroke when on full load, and for ])roportionately longt'r pt‘ri(Kl 
on light loads, so that the gas is simply returned to tlie mains , 
until the closing of the suction valve. It is thi'n delivered, along 
with the air, to the main inlet valve*of the jiower cylinder. 

In order t(/ prevent a mixture of gas and aii‘ being formed in 
the passages leading-to the nyiin inlet valve, tbe two fluids are 
kept separate as far as iiossible; separatt* d(div(‘ry ])i])cs are em- 
])loye(l, and even the valve seating has st*])arate jiassages for the. 
entry of gas and air. The danger of a mixture forming, in the 
])assages behind the vahe is twofold. 

1 . Anv mixtun* so formed will enter the cylinder .‘diead of the 
* « - * . 
air-seavenge charge, and tiiereforejs liable to be di’iven out. thiough 

O 1— 0 


the exhaust i)orts. 

2 . In tln^evejiit of combustion not being eom])lete when the^alve 
first opens, the mixture in the ])assages may be ignited by flame 
lingering in the cylinder. This in itself is of little (;onse(]U(*nc(‘, 
but it is liable to ignite the; whole of the. gas and air of the next 
charge' before it can enter the cylinder, thus missing one stroke and 
fouling a poitioV of tin' air for the. ijext stroke. In s]nte of the 
})recautions''tak?nrto ju’event it, firing in the gas and air passages 
does occasionally occur, and indicates that a e.('|•tain amount of 
mixture must^orm behind tlu' Aalve at the end of the chaiging 
stroke. Whether it betrays its presence, liy igniting or not, the 
larger part of this mixtuic will be driven through the exhaust ports 
unburnt, ^n thj^ respect the secondaiy scavenging arrangement 
of the .Oechelhauser »ngme weuld appear to bci supejdor.. 

In spite of the large number of Korting engines in use, no 
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details of complete tests, such as Professor Meyers on the Oechel- 
hauscr eiigijic, appear to l)e available. M. Mathot, however, in his 
l)Ook on the Construction a)id Worhiug of luternal-comhnstion 
Eo(fines, quotes the following tests carried out on a Gerniaii 
IvoJtiiig engine in 1904, the same year as Professor 'Meyer’s t<;sts 
on the Oechelhauser engine referred to al)ove. The', engine in tliis 
cast' was a single-cylinder unit of 700 B.H.P., running at JBO R.P.M.; 
llie bore and stroke of the cylinder were 31’0 ainl 55'12 in. respec¬ 
tively. Tlie dimensions of the gas- and air-pumps are not given, 
lull tJie (H)ml)ined capacity of the t\vo can lie caJeulated back from 
tlie ,M.E.l*., the stroke, and the all of which are recorded.. 

Calculated in this way, the bore and stroke are apjiroximately 38 in. 

' ■ 42 in., and the total s\ve[)t \'olume 45 cu.'ft. Such an approxi¬ 
mation is nece.ssarily rather longh, liecause the M.E.P. of the two is 
not ('xactly tlui same, nor is the, proportion known; Imt simte pro- 
^lucer gas was used it is probably approximately in the ratio of 2:1. 

Tlie sw(‘pt volume of the working cylindei- jier strokti is 22‘5 
cu. ft., and that of the (iomliined gas and air (cylinders 45 cu. ft.; but 
it must be remembered that al»out 50 ]>er c(*nt of th(‘- gas is returnej,! 
to the suction, so,, tliat the actual vylume would pi-obably lie not 
more than 37'5 cu. ft., a ratio of 1 : COT. 


li.VM . 

Piston sjieed (fret per minute) 
M.E.P. (mean of both ends) 
i]f) (pounds jior sejuare inch) 

l.H.P. 

KIT.I’. 

I.H.P. of pumps 
M.E.P. air-jamip 
M.E.P. gas-pump 
Fluid lo.s.ses ... 

Friction lo.sses 
Mechanical etficicncy 
’1'lu‘rmal odiciency (R.H.P.).. 
Thermal efficiency (I.H.P.) 
Fuel u.sed 


80. 

732. 

.56'8. 

4.5. 

7()3-8. 

Oif). 

2'7.5(j. » 

3138. 

10'3 j)er cent. 

100 

791 

2S 0 . 

30-2 , 

Anthracite, O YS lb. per B.H J*. 
hour (14,200 B.T.U.s per 
pound). 


The figures given for the thermal ,eHii;mncy are based* On the 
assumption that the producer efficiency is 80 ])er (jicnt. *It is veiy 
interesting to ^'.ornpare these three results, all jji»m twro-cycle engines 
of aj^iroximately the same pow^er —two of which, how’ever, are eld- 
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fasliioued ami one modem -witl) a test also hy JNI. Matliot on 

a tvvo-eyliiider fouf-cyc-le double-acting gas-engiiic of 600 B.H. P., 
built l)v Messrs. Elirhaidt & Selinier, and tested in 1006. This 
engine bad cylinders of 24'4-in. bore by 20'r)2-in. stroke, and 
developed 60l) B.ll.P. at 150 R.P.M. The volume swept by each 
piston is 7'0 cu. ft., oi-, for the two pistons, 15'8 eii. ft. ])er stroke. 


R.P.M. . 

i^istoa speed ... 

M.E.P. (mean of four ends)... 

»?/> . 

I. HP. 

II. HP. 

Mechanical efficiency 
'riiennal efficiency (B.H.P.)... 
Thermal tifficiency (T.II.P.) ... 
Fuel used 


150. 

7;IG ft. per minute. 

740 lb. per square inch. 

61-5 „ c „ 

7±‘.i. 

()() 0 . 

pel' cent. 

31 

373 

Coke oven gas, 460 R.'f.U.s 
p(;r pound. 


The mean brake thei'inal etheieneyof the three two-cycle engines 
is 20 per cent', while the brake thermal {‘theiency of the four-cycle, 
which may be n'^ai-ded as a,good average*, e.xagiple of engines of 
that size, is 31 per e.ont, a superiority of only 7 -per cent in favour of 
tlu! four-cycle engine. Comiiariug the indicated thermal eflicieneies, 
the mean of the three two-cycle engines is 37'7 [ler cent, while the 
four-cycle gives 37'3 per cent, a supeiioiity of I per eent in favour 
of the two-cv^cle engine. 

A 2000 Horse-power Cylinder. — In fig. 85 are shown a 
plan and .see.tional elevation of a 2000 horse-power single-cylinder 
engine by ,the ,8ieg(mer Maschiiienbau, which may be legarded as 
tvpieal of German design. It will be ob.seived that tin* cylinder is 
made in three jiarts, (1) The water-jaekc't, which contains also the 
exhaust belt surrounding the exhau.st ports, and which is a com¬ 
paratively simple iron casting;'and (2) and (3), two hard cast-iron 
liners pressed ii from cither end of the (yliiider so that they almost 
mei^t in the tiii'ddle, a small spa.»;(‘ 'heiiig allowed to pei-rnit of 
expansion. The exhau.st fire cut half into eacli liner. The 

cylinder coviu-.s, which contain the whole of tlie e,oml)ustiou space, 
an*, .somewliat (;ompli(;ate<l e.astings, and, being ncees.sarily of con¬ 
siderable thickness, are lia])le to internal .strains, rluc both to con- 
ti-action ih the /*noiild and to the considerable differences of tera- 
peratPie between the jnner aWd outer surfaces of the walls. It will 
he observed that ribs are formed on the outside of the inner walls 
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. Fig. 85.—‘JOCK) Horse-iiower Single-cylindtr Gas Bitowing Bnginc by the Siegener Maschiiienbavi 
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the water-jacket, one of the commonest sources of failure in engines 
of this type. 

The contours of tlie combustion cham))er are such that the air 
and gases, after passing tlirough the valve, spi‘ead out in the form 
of a. cone, their velocity being reduced as tlu*. dianiet(n- increases. 
By this means, diffusion between the air and the exhaust products 
is redue(*d ^o a minimum. 


The inlet valve is of cnoi’inous diameter, 19'6 in., and has a 
lift of 3T4 in., giving an eftectivc area of 193 sq. in. when fully 
0 [)ened. This large valve has to be fully opened , and closed while 
tlie crankshaft passes through .about 91) degrees. When running 
at 90 ll.P.M., the engine’s maximum speed, the time available for 
this operation is only one-sixth of a second. The operation of so 


huge 

care 


a valve .and at such a high spewed jieces,si tales extreme 
in the design of tin*. valve-op(‘rating mechanism, which in this 


ease consists of 


shaft driven from the main crankshaft by.. 



8<>. --Suctioi, of Koitiiig I’lstou ami Ivo.l * 


bevel gearing. 1’his shaft is in the form of a two-throw ei-ankshaft 
with ci-aiiks at 180 degr»‘cs. and to ensure rigidity a Iwsaring is 
provided on either sidi* of each ci-;i,nk-wcb. A connecting-rod con- 
neids each., crank-])in with the rolling h‘ver or ''crocodile jaw ’ 
mechanism above the v«lvc. Fra- closing tlii'sc very largi* vidvi^s 
s])rings alone are not relied u])on, but are siqiplementiMl by a vacuum 
chamber abovc^thc valve. This both assists thi* spring and balances 
th(‘ valve against the ])unip j)r<*ssure, which tends to hold it open. 
By this means, and by icducing the. weight of the valve, which 
is of high tensile steel, the Siegener (Vanpany IniNc succeeded in 
producin.g ii valvii gear which; as the author can testify, operates 
quite sihaitlv and without ap]a-(‘ciable. wear or shock. 

jriie jDfston*'is" a plain iron easting <d‘very simple design, and is, 
of (jourse, water-cooled, the. supply of cooling-water being fed .along 
the pistoTi-rq^},!]! the usual mannm-. 

A (g-oss-seetion of an English Korting piston and rod is shown 
in fig. 8(5, .and the autlior is not aware of any inqiortant diflia-ence 
betwi^eii the English and German (hisigii of this ]iart. Its great 
Icn.gth, coupled wath ^he largt. amount of water it contains, renders 
it very heavy. 
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Tlie crankshaft is of the built-up type, with solid forged mild- 
steel webs shrunk on to the shaft. Tlie connectiug-rod is of the 
usual marine pattern, except that it has a somewhat ])eculiar big 
Olid. This is not split in the ordinary way at I'iglit angles to 
the rod, but in a plane parallel to the axis of the* rod and e-on- 
siderably above the centre line. The design dispenses with the 
use of long bolts, and is very strong and accessible, but must be*' 
considerably more expensive, to manufacture than the usual type. 
The liedplate consists of two main girders cast in sections and 
lield together by means of wrought-iron shrifik rings. The cylinder 
rests on these beds with tlie plane4>f the feet on the centre line. . 

Th(‘. scavenge-jmnyjs are bolted to the outside of one of the 
jiiain girders, and both air- and gas-pumps are ])rovided with piston 
valves, operated from an eccentric on th(‘ crankshaft, "fhe valves 
of the air-puni]) aie set to givv a full delivery of air at all times; 
but those of the gas-pump can be revolved about their rods, and 
are jirovided with diagonal slots both in the valve and liner. Thus 
by rotating them t hrough a'small angle the cut-oti‘can be varied, 
and ii greater oi- lesser propen tion of the gas returnecT to the sueticiii. 
Owing t(i^the great size and weight of these'valves, they are not 
cojitroll(‘d directly'from the governor, but through the* medium of 
a hydraulic, i-elay. As in tlui ease of almost all large engines, 
staiting^ is elfected by means of com])ressed air, the aii- being 
admitted through a small ,s])ring-loaded po])pet valve fitted in each 
<‘\ linder co\ er. i 

A considerable number of these largie single-cylinder efigines 
ha\'(‘ been construeteij by the Siegmici’ IMaschiiumbau. and are in 
siiecessful ojieration in various parts of (fermany.^ They are jiai- 
ticulai-ly suitable foi* diiving blast-furnac(‘ blowing-tubs, owing 
to the wide I'ange of sjxa'd- of which tiu'V are eapabh*. 

Th(' English Koiting engine, as ih'signed ami built bv Me.s.srs. 
Mather & Platt, differs from the German design in its mechanical 
features, which have been greatly sim])lilit*d. Th*e use of a side 
shaft for o[)erating the valves has been entirely Tlispeu.sed ^’ith, 
and the valves ojierated direct from an eccentric on the crankshaft, 
a thoroughly sound mechanical job. The gas- and air-])um})s are 
entirely different from tin* (ferman design, and their arrijngenient 
IS very well shown in the diagramuiftti^' sir.tion (fig, 87). 

It will be seen that there are two single-acting air-^ninips and 
one douhle-acting gas-pum[) in betVeeri, st> •arranged as to form 
one, long continuous barrel. Pi’ston valves have been dispensed 
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witJi, Jiiul replaced by a lai‘g(‘ minil)cr of small flat-])late valves, 
the suction ^■alves being mounted on the pistons and the deliveiy 
valves on the cylinder covers. The arraiigenient as shown in this 
diagrammatic section is not altogether above criticism, for with such 


1*^1 


"rTT^ 




a larg<' ^lumber of smajl valves there is always a risk of one or 
more stickijig op(*n, (‘spc'cialfy if the gas is none too clean, thus 
causing unequal distribution and serious loss of power. Apart from 
this risk, the leakage‘iw bound'to be considerable, and access to the 
y)um]> valves involves dismantling'a considerable amount of geai;. 
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111 the more recent designs these valves have been replaced 
bv a smaller number of large Nalves, mounted in cages whicli can 
lu' removed bodily without disturbing any otlier part of the 
iiiechanism. On the inh't side of the gas-pump it viill l)e noticed 
that a very wide port is provided, tlic ctlect of which is that the 
delivery stroke of the gas piston docs not coinmence until after 
this port lias been covered. The width of tlie port determines the 
*' haid ” on the air and also khe maximum (quantity of gas, and its 
Oleet is precisely the same as in the German design, it can be 
\iiried, witliin (lertain limits, to suit t;;ases of difterent heating value, 
thongh, of course, Ity doing so tilt air lead is also attecteid. Th<r 
([uantity of gas is further controlled by means of a butteiH}' ^■alve, 
which, wl«m ojien.’allow's the gas to pass freely from oim* side of 
the piston to the oth«- -a system which *the author does wot greatly 
favour. It is evid(*nt that with a given position of the valve, as 
“the engiMC speed increases, the proportionate quantity of gas that 
can pass across the valv(' is redu(“(‘d. Hence, tJiere is a tendency 
for a larger charge to enlei- the power cylinder wi^th incri'ase of 
s|)ee<l, a somewhat unstable condition. Again, if the, valve ts 
large, its action is* umluly sensitive, jtnd is liable to cause hunting; 
if small, there is always the danger of its being unable to pass 
euough gas at high sjx'cds evem w'hen fully op(*n. AVei’e this tin* 
easi*, it is evident that the governor would lose control of the; 
engine, and there would lx* nothing to prevent it from ‘‘running 
away ^ ^ 

If th(‘ exhaust ba(;k - pressure increas('d unifoi-inly w’ith the 
spee<l, this objection would not a,]j])ly, for, as the back-pii'ssure 
ro.se, the proi)ortion passed by the bye-])ass vah'eVvoitld incit'ase 
and the balance be restored. In 2)ractice, however, this cannot 
be r('lied upon, owing to the’]>ulsations set up in the exhaust pi|)e; 
for, should the j)eriodicity of the ^exhaust synehi'onize with the 
[ndsations in the pipe or some function of tliyin, it w possible that, 
instead of a back-])ressure, (iv'en a partial vaeuuiij t^iay .be formed 
in the cylinder during th(‘ (diarging period, and an’ exci'ssivc ch.Ti-g*' 
of gas drawn in. Again, e^ en at a uniform s])eed the exhaust ])aek- 
pressure varies verv considerably, due to this ])ulsat?n|S; eH’ect. In 
cases wdiei-e a very short exhaust pipe can b' used, disHjurging 
into a large receiver, or exhaust-hVatwl boiler, and ;vhere the 
governing^ is very close, this system ^is perfectly tftitisfactory, but, 
as a general *rule, the author regards it a^f too sensitive to dis 
tiirbanees in tlie exhaust. In this respect tjie lyethod em[)lov<‘d 
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ill the Sicgeiier engine, and referred to pri'vionsly, seems pre¬ 
ferable, for the charge of gas is positi^’(‘.ly measured by the governor, 
and is not liable to serious variations, even with a widely varying 
exhaust back-^iressurc. 

By jiroviding very large valve areas in the pumps, and unusually 
large inlet calves in the power cylinder, also by carefully adjusting 
the size of the exhaust jiorts, the pump Josses from these engines 
liave been reduced to from 5 t o (> per .cent at full load and normal 


s])e(‘il. A set of diagrams, illustrated in 



AIR PUMP SPRING sfk 



fig. 88, taken from a 
single-cyliinh'r engine 
of (j()() hoi'se - ])o\\ <‘r, 

« rumiiiig at 45 IM*.M., 
sJiow a 2 )umj) loss of 
vmly I'D eent, a 
r'unarkably low figure. 
Thanks to the great* 
reduction in fluid 
lossi's, a mechanical 



etficieni'y of from .S2 
to '84 jM'-r c(‘nt is 
obtained - a. figure 
but littJ(* below that 
of a good inodcM'ii 
four-cycle engine. 

The cylinder, for 
all smaller sizes, is 
‘•usually east in one 


Fi};. 88 ]>iec<* with the water- 

jacket, no se])aiate. 

liner being emjoloyed, but in ordei- to ensure a hard wearing surface 
for the piston and rings the in.sj<le of the cylinder bore is “chilled”. 
For larger sizes, two separate line.j's arii ein])loy(;d. as in the tSiegener 
cylinder. .Tha cylinder covers are siinilar in most respects to those 
<d* \he tSiegimer engine, and arc made interchangeable, a blank 
water-cooled plug being inserted in thc! back cover to fill the 
of iening for “Hie piston-rod. No tail-rod is emidoyed excej)t when 
the cnjyfine is used for< driving a blowing-tub or pump. The use 
of a tail-rod is considered to be unnecessary owing to the great 
length and larg?‘- bearing surface of the jii'^ton, the under sith* of 
which' is jiadded Avith white metal. To pi-e\ ent risk of cutting this 
metal, and also pf scj’aping off the lubricant, no exhaust ports are 
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provided iu the under side of the eylinder. The crankshaft is Imilt 

’. 1 }), tlie webs and balance weights being of cast steel shrunk on 

to the. shaft and craiik-piii; no keys or sti-ady pins are fitb^l, 

.slninkage alone being relied upon. This is ])erfectly satisfactory 

provided tliat the crank-webs are deep enough to vAuthstand the 

lairsting stress duo to tlie large degree of shrinkagi*. ni'cessary. 

Tln^ remainder of tin* engine, calls for very little conmient, sinve" 

it is built on the most a^iproyinl steam-engine lines; grt*at strength, 

‘^implie.ity, and low cost of manufacture being aimed at throughout. 

(Vnnparcd with flic Gerinaij, the. English Korting is ei'i tainly a very 

much neater and more workmanlik^^ job, an'd is uudonhledly superioi"' 

in mechanical eflicienc.v. 

_ •' • 

The Duplex ‘Engine.-— The Duplex engine, Avliich has hemi 

rcctmtly phu'ed on tlie maikct by Messrs. Mather & Phiit, is built 

lo the designs e.Aolved by Mr. Allan Chorlton, and, in the author’s 

' opinicai. d’epre.sents a very inijiortant advance. Like the Fullagar it 

IS both simple and <‘tticient, and above all it .s(*ems to olfer a po.ssible 

solution to the problem of the really high-[)o\v(*red gas-engine, for it 

i'' doubh'-acting, and at the same time it is ca])able of 0 [)erating Avitli 

a high nici*n pressure and at a high piston speed, 'rims the s]a*cilic 

po\\(‘i- of ('.ach cylinder is very great, while, owing to the special 

design of the cylinders, little trouble need be feared from uneipial 

expansidn, e\’en with v'ejy large cylindi'rs. 

Fig. 81) shows a vertical .section of a twin-unit Duplex engiiu', 

d(‘signed to devedop 1000 B.H.F. at a speed of t»00 It.IiiM. It AA'ill 

bi‘ observed that each unit consists of tvA’o double-acting poAver 

t vlinders, connected together top and bottom by common i-oinbu.s- 

iion chambers. Around the middle of each cylinder hs a belt of 

jtorts, as in tin* Koj-ting engine; one .set of ports is for tin* exhaust, 

and the other for the gas an'd air inlet. In the.se tv\o eylinder.s an* 

jiislons, which reciprocate together, one controlling the inlet and 

the other the exhau.st jiorts; the piston controlling the latter has 

a lead of about 15 dt'grees ajicad of that con'trolling the inlet. Tlie 

exhau.st ports, moreover, are slightly deeper, .so tlftit, owing to tfieir 

lead and their greater depth, they arc opened .some U) to degrees 

idn ad of the inlet ports, and are clo.scd .sonic 10 to li .degrees before 

them. ^ , 

w 

Gas and air are supplied to the ni!et,ports by means of double- 
acting reciprocating pumps of ])cculiar form, for, in addition to the 
l»i.stoiis, tlie iflncr wall of the cylinder also rerijirocates, and iir doing 
fijiens or closes ports cut iu the'outer eylinder AA’all, 'Ihis foi in of 
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valve jjjear, known as a sleeve valve, has been suceessfiilly employed 
ill the light liigii-sjieed petiol-engines used for motor-cars, aiul has 
much to recommend it for this purpose, pro\'ide.d that the gas is 
clean and reasonably free from tar. It oilers a very large port 
ai’ea, and is positiAC in its action. Moreover, it is possible with 
this arrangement, without aii)' increase of (*om])lication, to give a 
.'.gcondary ?ar-scavenge for the. purpose of clearing the ports and 
passages of any gas that may be lingering there. As in the Korting 
engine, caiv is taken to ensure that the gas and air shall not come 
into contact with one'another-outside the cylinder, and not only 
•Sire separate jiassages einjvloyed, but a separating rib is fitted round 
the outside* of tin* cylinder surrounding the iylet ports. 

One of the most im[)ortant features of the design i,^ that the 
cross-section of the combustion chamber at .‘;j,ny point is circular, 
and conse(juently the tliickncss of metal c.an be reduced to a 
minimum, hein*e the internal stresses due to the temj)(*ratu,ve ditf(M’- 
ence between the inner and outer surfa«;es are also reduced to a 
minimum. These stresses are still fu'rther r(*duc(id by tin*, abseiu*(*. 
of any large bosses, valve jiockets, passages, or llanges which 
necessitate a (*.hange'of thickxess at any one jxiint. Jjinct* it is 
these stresses, due to temperature ditfereiice 'and pressuie, that 
in practice limit the size of cylinder, it is reasonable to sup])ose that 
V(*ry much larger cylinders could be* suctaissfully employed in this 
type of engine than is possible with oth(*r ty])es. At the same time, 
owing to tke fact that tl^c cylinder is double-acting, a very high 
specific, power can be obtftiiu*d from a comparatively small cylinder. 

Reference to the sectional ilrawing will sli^iw that the cylinder is 
constructed-in three jiarts, the central pai t consisting of the e.vhausb 
and inlet belts, into which the lialves of the cylinders are spigoted. 
In this design the only flanges required'for the cylinders ai’e situated 
ck-)se to the ports, and therefore at the point of l()W(*.st temperature, 
a construction which permits o'f free expansion in any direction. 
Ail risk of cracking th(^ water-jacket, -due to tin*. gi-eat(*r expansion 
of tbe inn(*r sh(*ll*of the cylindcus, is completely avoided by casting 
the cylinders without any water-jacket what(!ver, and simply im¬ 
mersing thci» Vjodily in a large tank. For convenience of manu¬ 
facture, th^’' two halves ^of tlu^ cylinder are identical, the openings 
for the piston-rods in the fop -half being filled by means of hollow 
plugs, which can f)>e w’ater-jacketed if necessary. 

The pistons are nhichined from mild st(;el and ar<i* macb*. in two 
lialves, bolted together round the ‘circumference. Resides the gi’cat 
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reduction in Nveight that can be effected, mild-steel pistons liuve^tlie 
advantage of much greater reliability tlian cast-iron, for not oiil\- 
can they be made thinner, and lienee the temperature diffei-encc 
between the inner and outer walls, and conserpient stresses, reduced, 
but the material itself is l)ettcr able to resist such stresses. Their 
use, however, foi- large engines is only possible when, as in this ease, 
tlie-y are relieved from all b(*aring pressuj-e by imvins tif exterind 
cross-heads. 

The governing of the engine is effected by throttling the supj)ly 
of both gas ainUair simultaneously gf)verning the gas alone was 
found to be insufHcient, owing to the gr<‘abamount of diffusion that 
takes place in the inlet^cylinder; only by controlling both the gas 
and air ])rpportionately has it been found possible to obtain regular 
running on the lighkvst loads. It has already been j)ointe<l out 
that it is desirabhi to reduce the sii[)j)ly of air oji light loads in 
• ail}' cascj for by doing so the Huid losses can be reduced and 
the mechanical ctlicieney improved. 

The crankshaft of this engine is necessarily somewhat peiailiar. 
No bearing is jirovided betwiam the two cylinders in the lat<‘.‘jt 
design, in yrdc'r t» keep them clost; together aild ixuluce the length 
of the combustion chamber as far as possible. Owing to tin* lead of 
the (‘xhaust piston, the crank-pins for the two pistons are out of line 
to the extent of about 15 degna’s. Such a shaft would b(‘ most 
dirticult and costly to forge and machine from mild steel, but the. 
(litliculty lias been overcome by employing a single sVel casting 
for tlu’! two crank-webs, balance - weights, and crank-jiiiis,' this 
casting being boi’ed out and shrunk on to the sections of the main 
shaft. The mnploymeait of a steel casting in this manner is 
perha])s a sonu'what daring departim*, but it appears to have licen 
justified. 

Ajiart from the crankshaft, the lest of tin' engine conforms 
almost exactly to modern high-speed steam-engine ])ractice, an 
enclosi'd crankcase being employed, with forced lubrication to all 
bearim's. In fact, as an illustration of the great simiiaritv betwc.cn 
this engine and an ordinarv vertical steam-engine, it is worthy of 
note that the first Duplet (uigines built were coip-erted from 
ordinary trijilc-expansioii steam-engines, and that the only serious 
alteration ueci'.s.sary below the entablature Avas the ])roA'ision of a 
new crankshaft. The high-pressure cylinders were yeplacftid by the 
.S(;a\'enginfr-pumps, and the iutermediati' and low pressure Im' the 
two cylinders comprising the Duplex unit. The same ci-oss-heads, 
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slides, eouuecting-rods, bedphite, iiiul stsuidurds were employed 
witliout any iilteratioii. These original engines, wliieli have a 
maximum power of about 700 B.II.P. <-acli when eonsuming Mond 
produeer gas,^are at work at the Uastner Kellner Alkali Works at 
Kuneorn. 

The prineipal objection to the Duplex engine, in the author’s 
'vi^auion, lifls in the want of balanee. Sinee both pistons are virtually 



* Fig. 90.” 1000-TJ.H.P. Dnilox Piitcni Valveloss OaR-onginc 

• •• 

• 

coi^ie(;ted*to ThJ same (a‘aijk-|»in, and iDe and fall together, the 
balanee is no better than a singh* cylinder whose reei[)io(;ating ])arts 
an; e<|ua] ii^widglit to the two sets employed in the Diijilex. I’his 
objectioji can be. mitigated to some extent by lb(‘ employment of 
two units with cranks at J8<),degrees; but, evim .so, there is a huge 
unbalanec'Tl couple, due to the di,stance apart of the. <-entre lines 
of tha two units. Fig. 90 slfows a photogra])h of tb<* I^OO horse- 
j)0wer Duplex gas-engine; its neat and compact appearance is ycry 
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striking, but it will be observed that 
the distJinet', betweiui the two units is 
very great, owing to the fact that tin; 
scavenging cyliiuhirs have been phwa'd 
between and not outside them. No 
data are available as to the mechajiieal 
('tficiency, thermal efficiency, or ])umj) 
losses of these engines. It ,i.s by no 
means an easy matter to obtain gn 
a,eenrat(‘ indieatdr diagranj fi’om («i- 
giiKM using two pistons slightly out of 
]»liase, for it is neecssavy to tlrive the 
indicator from some'gear whose motion 
is at all times an exart mean between 
that of the two pistons. Such h gear 
is too costly to fit on an oi'dinary 
engine built for ('ommereial purposes. 
aji<l eonseijuently. until ree.ently at all 
ex’euts, no accurate diagrams ha,ve been 
taken f'ron>a. 1 )npTex engiiu'. • 

Ulmer Gas-engine. —The lllnuu- 
gas-engin(‘ built bv the Reading Iron 
Works of J*(‘nnsyl\ania. IbS.A., is an 
entiredy lunv machine designed Mmu'- 
what on the lines of tin* Korting engine, 
but e.r)ntaining certain radical de'par- 
tures ir(un that desigo which make: it 
most interesting. Fig. shows a 
sectional eh'vation. fig. !)2 a. diagram¬ 
matic section illustrating the action 
ol the combined air-seavenging and 
charging itunip. aiul tig. a section 
of the water-cooled piston. • ’ 

Referring first to the sectional 
elevation, it will be obseiwed that 
the inlet vahes are mounted hori¬ 
zontally in the ends of tlie cylinders 
and are, support(*d ly long internal * 
sleeves, which, owing to their am})le ^ 
b(‘aring surfaeV, remove the common 
objrThtion to large horizontal vah es. 
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Fig. HI.—Sfctiic.uil KU'vatiiai of (.'yliiitleis aiiiWjuiliilsito of Illiiior (.ia-i-onjjiiio 
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Tlie valve-etirryiiig sIooa o at tlie front end of tlie cylinder serves 
also as the stiiffing-glaud for the. piston-rod. Tlie.se valves, it will 
be observed, have no springs, and are opened and closed ineehaiii- 





rally by means of a toggle, action whirl) must j‘e»piire a (*i-y careful 
adjustment* The eombuiition ehanibei' is in tlx* form of a [)lain 
water-jacketed distance ^)iecc, afid ])re.sents very little surfaci* to 

_. the burning gases, so 

this ])art sliould be 
com])ai'atively small. 
On the other haml, 
the .shajx*. is hardly 
conducive to good 
sciivenging, and, in 
the. author’s opinion, 
th(*re will be a ten- 
denev foi- the inconi- 

ing gas to sweep along thg walls of tin* (‘ylinder, and so out through 
the e.xhaust por^s, leaving the cential core of exluiust gjises undis¬ 
turbed. The positioh«of the igniter, always an important considera¬ 
tion in two-cycle explosion engines, is not shown. 



Kig. 93.— .Secti»L oi-Watcr-cooloil I’lstoii of IHiiilt Oas-i-ngitu 
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From a meclumioal point of view the design of the coml)ustion 
(■.liiiml)er and (;}dinder cover seems (‘xcellent. P>oth are simple 
(‘,astings, wliich slioald hi*, free fiom initial internal str(‘sses, and, 
being (drenlar in cross-section, may be made of uniform thickness 
and comparatively tliin. The cylinder covers pro[)er*are not ex¬ 
posed to tlie heat of combustion, for they are shielded by the valves 
and the valx'c-carrying sU'e^ es, the latter being plain wi\ier-cooled 
evlinders. The. cyliruh'r body itself follows the usual Kortiug 
design, with two separate liners jnessed in from either imd, and 
almost butting im the. centre. , 

TJie scaveuge-})uinp is ingenioiu^. A single-puinp cylinder is , 
used both for th(‘ piimai-y air-seaveuging and for introducing the 
uiixture. "riiis is ae.com]>lish(‘d by tilling the'])assages connecting 
the scavenging - ])umj» and the main inlet valves with pure air 
at the (“ud of each scavenge stroke, which air is forced ’ into the 
(‘vlinder. ahead of the combustible mixture, at. the commenceiiient 
of the next stroke. Lo(jkiiig at the <liagrammatic section, it will 
be observe 1 that tlie passage?; leading to the main i(d(*t valxes 
contain an internal [)i]H‘ for })arl of their length; this internal 2)ipe, 
is connect(!(j to tin* ]nnn[) cylinder tjirougli a/i oscillating xalve. 
which put." it alteruirtely in eomniunication with the puni]) cylinder 
and the ga." Mi])ply. The exteiaial annular [)ortion of the pa.s.'^jige 
is in direct connuunicati(tn with the puniji at all times, and is akso 
iji cominunication with the inner pipe. b\- means of a num])er of 
holes di’ilh*d loiind the latter, near the end where it join^ the main 
inlet valv(‘. AVhen tin* ])ump piston tra\iels out on the sucfion 
sti'oke. the o.scillating valve on tin* inner ])i}»e is i»])en to air, which 
IS drawn in through this jhjie. thence through the liolgs ii] the. outer 
pi])(', and so into the jininp cylinder, tilling tin* whole pas.sage with 
air. .At a certain ])oint in the jiiston stroke tin* oscillating \alve 
changes ovei', cutting otf communication between the inner pipe 
and the air, and opening a direct p()H between the pnmp cylinder* 
and th(* mi.xture, supply. 'rhe,reafter. till tlr« end •of the stroke, 
combu.stible mixture is drawn into the [lunip. * * * ^ 

On tin* delivery stroke, the oscillating valve clo.ses the inner 
pij)e both to gas and air. aild puts it in eommunit-ii;ii(‘ii with tin* 
[unup. As .soon as the main inlet valve o])ens, the content.s^of the 
jatssages, which consist (»f pure* air. are iit'>^t^<lriv(*n into the ex lihder, 
followed bv the charge of combustible mixture. Near tl?e ('iid of 
the stroke,*the,piston overruns a smalt port, xvlfieh allows the /.‘om- 
bustii»le mixture entrapped in tin* f'l(*aranee space to pa^s round to 
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tiio other side of the piston, thus avoiding any idle.’ vStroke due to 
the gases re-expanding in the clearance space. The whole scheme 
is exceedingly ingenious, but it is doubtful whether it is really 
worth doing, for, although mechanically fairly simple, it involves 
passing the air and gas through some.vvhat tortuous passages at a 
higli velocity and with violent Rivei’sals of direction. This must 
causes a very considerable amount of lluid friction, due to two 
separate pumps. 

The idea of making one single piece of median ism peiTorm 
several difl'erent functions is atwa\'s attractive, am^ esjiecially fascin¬ 
ating to anvone of an inventive turn oi mind, liut as a iieneral rule 
such combinations do not turn out to be jiractically or commercially 
sound. Such a eomuination scav(*ngiug-pum]),as this is bound to 
be very sensitive to sudd/ui changes in the exhaust liack-pressure, 
and, ill tlie author's opinion, it is very doubtful whether it will giv^e 
such good results as either a single pump delivering combustible- 
mixture without any air-scaveng(*, or separates air- and gas-pumps. 

Governing in this engine is i-arried out by miuns of a b\'e-pass 
valve on the pump cylinder, hi much tlie same manner as in the" 
English Korting. 

Ill common Avith the English Korting, tla; valvi' gi'ar of the 
Ulmer engine is driviui direct from the. crankshaft by means of an 
eccentric, and is evidently niodelle(l upon the standard Anu'rican 
fhrli.ss steaiu-(*ngine gear, whi<‘h it resembles verv closelv. 1’ht‘. 
piston of the Ulmer engiiui resemblc's that of tlie Dujilex, and is 
con.struct(‘(l in two halves bolted togctiiei- round the circumference, 
but unlike the Dujilex it is made of cast iron. I’lie hearing surfaci*. 
appears to,.be somewhat iiiadeijuate for a horizontal engine in which 
no tail-rod is fitti'd, and in which the wlioh* of the weight of the 
piston has to be carried hy the liner. The system of making the 
piston in two halves, bolted togetlu'r in the middJ(‘, though excelhrut 
for vertical engines, is not vi'i’A suiteil to the horizontal typii owing 
to the great rwliictioif in tin* hearino; surface which it involves. It 
wiJI be m'lted' that, as illustrated, the'holts in the piston could not 
be inserted unle.ss separates nuts were fitted at each end, always a 
troublcson^e {arrangement. 

Apart from the cylinder and scavenge pumps, the engine follows 
the. usual conventiomil (Ic.-iign for American steam-engines. An 
overhung' crank, is employed, which is stainhird practice in America 
for almost all horizontal stiaiin- and gas-engines. It certainly reduces 
the cost of the cranksh{ift, and permits of the use of a solid, box- 
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type for the big-eiid of the conueotijig-rod. On the other 

hand, it neces-sitates a very inucli lieavicr bedplate, since the stresses 
are not carried direc.tly from tlie cylinder to the (crankshaft. 

Th(‘. following tests have bee.n carri(‘d out upon a 300 horse¬ 
power Ulmer engine and producer:- ‘ 

Duration of tost.331 hours. 

Grade of coal .Westmorland bituminous, at .. 

14,100 llT.U.s per pound. 

Averaire load . ... 2 <S 4 lb. 

Coal consuiiiptioi,^ (per B.ll.P. hour) 114 lb 

Producer (‘fficieiicy on lower licat value 
of gas. ^.. 04 per cent. 

Combined tlnu-mal (‘thciency of engine 
and pnvlucer ...’ . I5'7 „ 

Brake tliermal erticienc^V ef engine ... „ 


Indicator cards tiikeii during tliese tests arc shown in fig. 04, 



I’l},'. in. llliMiT (Iiis-eiigiiK'. Diiigi'iiiiis trom woikiii" CjIiikUt jiiuI rumii 


machine of this size, and this is probably due in a large measure 
to tJie Iluid lo.sses in the ])nm]) e.ylirA.ler, and perha])s to incom])letL* 
scavenging due to the unsuitable shape of thtk eondni^'tioii chamber. 



CHAPTER XIX 

SMALL TWO-CYCLE ENGINES 


The engines alrcadj (loscri'K'd iiiay Ite takt'ii as fairly r^prc- 
.sfMitative of the loadioo- typos of largo two-c.yolo gas-oi)giiu‘s; thorc 
aiv, of ooujso. Humorous otlioi* oxam})los on the iiiarkof, but tlioy 
dilfor from tlio foregoiuu’^oidv in dotails. 

I t * fc* • 

It will now bo woll to ('xami'io sf>ino of the sniallor types of 
Iwo-oyolo coustant-V(»luiuc or oxjdosion oiiginos, suoli as arc used 
for motor boats, automobiles. &(*. I'liose ougiuos run at \oi'v high 
rotative speeds, and oonse(juently entirely new factors are intro- 
/luee(l into llio })roblem. Th(‘ dilficulty of obtaining a good me- 
('hanieal ellieiency is V(‘ry mia'h intensified in tla-se sma.ll engines, 
owing to the inertia of the gases in the ])ip(‘s* and ]>assages, which 
im‘i‘“ases the fluid losses enoi-mously. flood i-otarv balance b(‘conies, 
in the authoi's ojunion, a matt(‘r of jiaramount ini])ortance. for not 
only is such balance essential from the point of view of mechanical 
(‘tficieney M. high speeds, but it must also Ik* reineinbered that these 
engfnes aiv generally wery light in themselves, and are oft<m 
mounted on a very light .structure, such as a lioat or automobile. 
In such ci'ses.‘iny vibration will cause serious injury both to the 
engine it.self and tht‘ re.st of the machine, besides being mo.st 
objectionable to the occupants. Also, owing to the high speed, 
tlui inci'cased inertia ('lfe(‘ts of the r(‘ciprocating parts throw severe 
loads on the beai’ings, in some cases considei'ably in excess of the 
fluid pressui'c. 'causing exce.ssive fri/'tioii and weai’ unless special 
att<mtion is p;ii<f to the lubrication of these parts. In one respect, 
howevei’. the two-cycle engine is better off than the four-cycle, 
namely tlu'^ /)wing to the greater number of impulses, the fluid 
pre.-'sni'cs beai* a greater ratio to the inertia prcssui-(‘s. 

In .simfll high-.speed engines, on the other hand, the ((lu'stion 
of exposefl surface in the combustion chamber becomes of little 
importance, as also (iff'is that of internal stresses in the metal walls, 
Ibr the.s(' ai'e, in any ca.se, so thi'n that the tempeintuiv differences 
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between the iiiiicv and outer surfaces are very small. With suitli 
engines the questions (tf ])rimary iniportanee are therefore (l) good 
rotary balance, (2) light reei[)roeating parts, (:}) free how for the 
gases, without sudden bends or \’iolent reversals of direction, ( 4 ) a 
careful study of the pulsations or pressure oscillations in' the exhaust 
])ipes anti other passages. 

A riumlMU- of small [K'trol-engines on the principle of the Duplex 
engine, suitable for automobile and mai-ine. purposes, have recently 
l)een introduced, employing tile invciled U-type of cylinder, such 
as the Lucas and f.amplougli. The.se engine's difier in certain 
respepts according to the aims of 4he designers. Mr. Lucas and 
Mr. liamploiigh have considi'i'csl that rotary balance is the funda¬ 
mental conshh'iation. and ha\e. designed their'(“iigines with a view 
to securing such balance, while .Mi', laicas has gt)ne still ‘fuitlu'r, 
aiitl, with the aid of two crankshafts, has secured reactionary balance 


as well. 

• _ 

The Lucas Engine. - The, Lucas engine is illustrated in 
ligs. Dii and IJO. from which it Will 1 h^ seen that the two justojis are 
('ach ('OMiKM-tcd to a se[)a]‘atc ci’ankshaft, the two shafts'being geared^ 
together by^meansiof tc'cth cut round ^hi* outsid'c of the crank-web. 
Eai-h shaft is mounted with a dy-wheel of e(jual weight and e([ual 
moment of im'itia, but the <liL’e is taken from ojie .shaft oidy. ..By 
this means perfirt reactiojiary balance can be obtained, for the* 
reaction due to the ])Ower stroktg inst(*a«l of tending to rotate the 
whole engine around the crankshaft, tends to for<-e the twp cylinders 
aj)art, but produces no displacement»of the whole mass of the engini'. 
Bv the use of t\\o crankshafts, also, a verv fair rotational balance 
caji be elfected, if balance winghts equal in mass to thp lefiprocating 
parts, and at the same radius. ar(* attached to each crank; but the 
err(»r due tt) the angularity of»the connecting-rods still remains. In 
fact, the primary foices are balaiicc'd, but not the .secondary, the 
t.'ondition beijig the same :is in tin**two-cy]ind(T Fullagar engine. 

Dealing first with the cvcU‘ of operati<ins, it wlfl be. olj.served 
that, unlike the Duplex engiiu*. the exhaust justoii IJas'jn) lead, aiyl. 
consecpiently, vei-y deep exhau.st ports hav<‘ to be used. These* 
ports actually 0])en no le.ss t'han (itii degree's betsire 4he^])ottoin of 
the stre»ki*, which is equivalent to a lo.ss eif stie>ke ot iu*arly^H0 per 
(‘cnt. 'Hie inlet ])orts are uncovereel P’lly fl degrees lifter, which 
repre.sents a very .small amount of h*a.d when (*xpres.sed ifi degrees 
of the cnifik; Jnit it mu.st be rememlfered tln/t* with de<']> exliaitst 
port.'i the opening is very rapid, owing to the high velocity <'f the 
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piston at tliis period of its stroke. Expressed in percinitage of tlie 
stroke this lead amounts to about 8 per cent. More eflie.ient sca¬ 
venging could piol)ably lui obtained if the design of the conibu.stion 
chamber were niodilied to the form of a gradually ('xpanding cone. 
For scavenging, crank-cbamber displacement is emjdoj^ed, a system 
which has ah’cady been discussed. In this particular case the 
clearance spacti has been reduced to a minimum by fitting, in addi-,., 
tion to the balance weights, hollow aluminium blocks to fill up as 
much of the s])aee betwemi the crank disks as possible. 

On the uj)W}.’jrd stroke of the ])istous, air enters through the 
largp spi'ing-loaded mushroom va4'e, ami passes into the crank-.-, 
case. At tlui same time a thin tapered needle, which is attached 
to the valve, and which normally closes the' jjetrol jet, is raised, 
ajid ])etTol is allowed to flow into the eonms-ting ])assage between 
the inlet ports and the crankfyj,se, where it va[)orizes.' As the 
pistons descend, the inushrooin valve and the needle valve ai'C 
closed, and tlui air within the crankcase is compressed until the 
iidel [joj ts ar(^ uncovered, whe‘n it ])as.ses into the cylinder together 
with tht' petrol vapoui’. It is ob\'ious that by this in(‘a,ns <>/ 
scavengini^, uules.s there is coinj)lete /.liflusion between tlui air and 
[)(‘trol vapour, the hittci' will be <lriven into the cylinder ahead 
of the ail’, and any gas that is lost through the exhaust ])orts. will 
be a rich mixture of petrol va[)our and aii’. AVith crank-chamber 
scav(mging, however, the scavenging efliciency is pool’, and the 
volume of working fluid entering the cylinder small. Jt is iirob- 
abl(‘, thi'refore, that very little fuol reaches the exhaust ports,’and 
that the loss from this source is trifling. 

The. jn’imai’V object in sejiarating tlie air and, jieirol vapour 
during tin' suction stroke is to prevent the charge in the crank- 
chamber from being ignited when the inlet ports arc first uncovered. 
This is a risk which is always liable to occ-ur when, from defective 
eai’buration, or other causi's, combusftion in the cylinder is delayed, 
and the temjierature of the gasses in the cyliiuler, af'tliG time when 
the inlet port is opened, is above the. ignition te^lpf*rat^lr(' of jhe 
fresh charge. JMr. Lucas has sought to jirevent this occurrence by 
interposing a layer of iietiol vapour in the passage, .^vhich does 


not contain sutlicient air for combustion. 

('ontrol of the eniiine is eftected Uv means of the throttle*valve 
in the (connecting jiassage— a very good arrangeincnt, ifl that the 
velocity ftf the gases through tin* fnlet poj’b is reduced pvopor- 
tiog^itely with the load, and hence the degree of diflusion is also 
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li'ssolictl. ^Moreover, with the throttle partifillj closed, the mixture 
imui(;(liately over the inlet piston will be richer and more readily 
iiiiiited, 

Uonsidering the nieelianiefil h'atures, it will he observed that 
the erfiuksluil't is mounted on hall-heaiings — a very excellent 
arraugemeiit h)r an engine of this d(‘scription, where the luluicatioii 
»of the imdii hearings ])resents considerable difiieulty. Ball-hear- 
ijjgs. if ki‘])t free from rust, will run for a great many yeais without 
aij\' measurable Aveai-, ajul with tfie most meagi'e lubrication. 
Tliey are open to the, objecHon, however, that they cannot be 
••made really silent, ami.all engines titted with ball-bearing crank¬ 
shafts are distinguishable by a slight “growling ’, which is exceed¬ 
ingly ditticult to h)cate. In this case, however, thi* noise of the 
ball-bearings will pi-obabl.v be indistingni.shable from that due to 
tile crank,shaft gears, although the author feeds bound to admit 
that these gears are surprisingly quiet in jnactice, at all events 
whcji the engine is new and in good comlitioii. Leakage of air 
through the* be*arings is prevente'd by means eef fae-eel washers be¬ 
tween the e-rank-W(;b einel the wall of the* crankca.se*. TJtese*. wa.shers 
are kept bearing hai'el against.the* walls of the. crank-e-hamber by the 
.simple* de*-vice of using single, helical gears f.er the e-,rank elisks, 
and.teiking advantage ed‘ the unbalaiiceel thrust from these gears 
f(»r this puqtei.se*. 


Feu* the lubrie-ation of the connecting-roil be*arings, e-oneentric 
greiovcs ai7* turned in the outside* of the craidv elisks, inte) which 
a siliall amount of oil i.s feel. From these groe)ve“S it is elriven bv 
e-entrifugal fore;e thre)ugh the* holle)w crank-])in to the big-end bear¬ 
ings. anel f’omi thene-e it is e-oiidue-te*el ie» the small-enel bearings by 
me'aus (jf light e-opper pi[)es. It Avill l>e Jieeted that the^ eylinders 
me nejt mounted dire.*ctly over the crank.shaft, but tluit their centre's 
are considei'ably closer. This is done feer twee re*ase)ns: (l) Te) 
i-edue'C the length of the combu.stion spae;o iis fai' as possible, {inel 
(’ 2 ) to rceliiee! 'the angulai* thrust of the connecting-rod upon tlie 
e-,v,bneler waif dining the exj)ansion stroke*, a somewh;it eloubtfid 
advantage. The greatest e-are has been teiken to reelueie the weight 
of ihe*. pi,st;^)nStand eieujiiecting-reals to the lowest pee.ssible limit, and 
with this enel iji view the gudgeon-pin is fitte*d eonsielerably higher 
up the pi.ston them i.s custonv.iry. The* me).st sticking feature; abe)ut 
the; JiUeai?; eiigyie is its exti'cine; simplicity eind neat anel compae;t 
appearance. The twp cylinders, te)ge*ther with their, wjiter-jackcts, 
e;onnee;ting pas.sages, and earburettoi-. aje all e ast in one piece, ^vhile 
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tlie crank-clifimber is of the simplest possible design. Tii practice 
the engine runs well over a good range of speed, but owing to the 
use of crank-chamber displacement tlie mean pressure is very low, 
and falls otf rapidly with increase of speed, while A ery liigh speofls 
arc unattainable from the same cause. Tlie fuel eonsi'mjition is low 
for an engine of tliis t 5 "pe. The engine is fairly silent, and the 
Indanec excellent except at tlie highest speeds, avIkmi the Avant of 
secondary balance is obseivable; but owing to the extreme lightness 
of the reciprocating parts this is eomparatively slight. The absence 
of any rotary r«coil is most notiepable, (‘sjieeially at low spi'cds, 
but. the fitting of an extra fly-ivheel adds considerably to thv. 
weight of the engine, AA’hieh is already aboAV the average for 
engines of the motor-ear tyjie. 

The maximum power obtained from this engine is apjiroximately 
20 B.ll.l*. 'Phe eyli'nders are o.|-in. bore and oi-in. stroke, but, 
owing tQ tlie Ioav brake mean pressure, Avhich ranges from 58 lb. 
])er S(juare inch at 200 R.P..M. to 20 lb. jier sijnare inch at 1500 
R.l’.M., the specific power in* relation to the size of the cylinder is 
hov when com]uired with a foui-(*ycle eiigiiu! of equal cy]iiidi*r 
dimeiisioi\fi, aud nniouiits to only 1 ^B.ll.P. ft/i- every 11 cn. in. of 
sAvept volume, 'file Lucas engine in its [iresent form Avas first 
])laeed on the market in 1905, and since that ilate the doigji has 
not heefi changed to any ajipreciable extent. 

The Lamplough Engine. — I’hc ]iam2)longh <‘iigiiie, illus¬ 
trated ill figs. 97 ami 98, is a recent rirodiictioii, and ci'iitaiiis iiiaiiA' 
original and ingeiiions features. Its designer has cA'ideiitly considered 
that rotary hahuiee is of the first imjiortaiice, and, with this end in 
view, he has sought to bahuiee the jiowor ^listoiis hyjiieans of a coiii- 
]K)site 21UI112) ^listoji of e(|ual weight, conneeted to a second crank at 
180 degrees to that of the ]x>wei- crank. The aiTaiigeiiient necessi¬ 
tates th(‘ use of a receiver between the pump and working cylinders, 
always a bad feature in two-eycle engines Avliich senveiige Avith com¬ 
bustible mixture; for, if the receiver he mad^. of vci^' small caiiacity, 
the ])ump losses become excessively high, owing to’the high presipiin* 
generati'd in it, and released when the inlet ports are oiiencd. '^I’his 
high pressure, besides incilrring exccssiA’C iiumji 
high A'elocity through the inlet ]»orts, eausing an unnecessary 
amount of diffusion between the fresh qliarge. and tlie* products of 
eombustioii. If, on the other hand, the reeeiA’er Jic niifde cf large 
capacity,* exoessive condensation aiitl jirccijviteition will takv place 
in it, and a fire-hack into it Avill be serious, for it aauII foul the fresh 
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cliargo trom the pump for a considerable number of revolutions, 
and not only cause the engine to miss fire, but produce such slow 
i)urning of the next few eliaiges as to inciii- the risk of a second fire- 
back thj'ough the inlet ports, and so on until the engine is eith(U’ 
stopjH'd or its'speed very much reduced. Of the two evils the use 
ol a small I’c'ceiver is tin* h'ss objectionable, and in the Lamplough 
Ciigine the tceeeiA cr is of extremely small capacity, hence the fluid 
are liich. 

'I'urning to the sectional drawing, it will l)c observed that the 
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two <-y]in<lers are placed across the crankshaft, and the two ])istons 
coupled t(» the same crank-[)iii by nuauns of bent connecting-i'ods. 
This has tin; efiect of giving a lead to the exliaiist piston without 
n(v.(*ssitating tlie use of a two-throw crank, ))ut tin* aimularitv of 
the crmnectii'ig-mls is necessarilv \<‘r,v grtait. Tlie desisrii of the 
conijaistioii'chajiilier is similar to that'of the Tjucas engine. As 
in the Jaicas engine, the ])istons aie pj-essed fj-om mild steel, and 
are exeeedingly, light. The j)ump cylinder is placed alongside tlie 
]lower cylinders, and has a ciirious and ing<‘nious (jomposite piston 
eonneet'od to the crank-[)in by means of two connecting-rods. 

1 'liis piston consists of two parts: (l) an outer sleeve, to which 
one of. the connectin<g;rods is' attached, and which bears' on the 
cylindej- walls only at its two (unls', the middle part lining recess^‘d. 
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ill ortler to li'avc* jui .‘innular spat*o Iiotweoii the .sleeve and the 
eyliiuler; and (2) an inner piston attached to the other connecting- 
rod. Tilt' two portions oi' this jiiston reeijjrocate togetlier, hut 
owiiiii' to the dilierent anuularitv of tin' two connecting-i-ods, tht'ie 
i.s a sniall reKitive motion lietween tliem, and thi.s motion is taken 
advantaov of to admit the ehargt' from tlie carhnrettor to tin*, 
cylinder. I’orts art* cut hoth in tin* ■sle('\t' and in the wall of 
Ihe ])iston, in such a po.sition that the two sets regi.ster during the 
downward stroke, but, owing to the 'slight relative movement, are 
maski'd during the upward oi‘‘delivery .stroke. T,he induction pijie 
from the carburettor i.s led direct to i1k‘ wall of the jmiu]) e}dinder, 


in such a jio.sition that tin* gas enti'rs tin* annular sjiace between the 
outer piston and the cylinder wall, and is'drawn into the cyliinh'r 
when the two .sets of ])ort.s ri'gister on the downward stroke. This 
method of combining the inlet valve ‘ind “])iston i.s simjih* and 
ingenious, and the im-ica.sed weight in this ca.se is no obji'ction, 
since it is lu'ce.ssarv, from the point of view of balance, that the 
pump ]jisti>n should lie the .sanu' wfiglil as lh(‘ sum ot the two 
working ])i.ston.s. 


The deli\-erv ^•aLv(' of the pum[) cylinder coijsists of a di.sk of 
cxi'eedingl}' thin .shei't ])hos])Iior-bron 7 .e, held down to its s(*ating 
bv means of a curN’ed k(‘ep-])late. as .shown in the illustration; the 
seatilig is slotted ^^ith a number of rectangular slots. The action 
of this val\e is jireciscly the .sanu* as that of an oi'diiiary leather 
or rubber ^mni]i ^■al^■e. Such ^■alvcs are a<lniirably suited to the 
need^ of high-.s])eed two-(‘-ycle etigines; for, being extremely light, 
thev art* cajiable of veiw rapid action witlumt noi.se or appreciabh^ 
wear, and thev cau.se the minimum ot fluid friction. If a suitable 
brtmze be seleett'd and subjected to tin* jn’ojiei' heat treatment, the 
life of the vaha* is very great, and fracture due to fatigue almost 
unknowj). 

• After pa.ssing through the (hdivert \al\t*, tla* C(»mbustible mix- 
tuiv is dii'eeteth,J)N' nieyns of [>assage.s (*oi-ed in tlie eylind(*r casting, 
to the receiver-*a small chamber sm'rounding the iidet j)ort.s-- 
where it remains until tin* ])ort.s are uncovered. It will thus be 
seen that the gases, after ]»a.ssing at a-> high \(*.]ocity through tin*, 
pump delivery val\ e, ai’e brought to I’C.st in tin* I'eeciver, and again 
acceh'nifed ^o a high A tdocity^through the inlet ])orts. l.he elfeet 
of thi.s i.s nwt only to increa.se the fluid los.ses considt'iably, but, Avhen 
petrol is used asTlu* fuel, the change from high A'elocity thtough the, 
]mmp A'alvc to comparative stagnation in the i‘e(u*ivei‘ will re.sidt 




ill the preeipitntioii of n eonsiderahle lunouiit of liqiiiil petrol. 
A portion of this li<pii(l ])etrol may Ix' re-cvaj)Oiatocl, hnt much of 
it will (Miter the cylinder in tin; licpiid form, and, clingiiijL*- to the 
cool walls, will ncviM' conic into contact with the necjessary air for 
(joml)ustion. With ])arathij as fuel this trouble will be even mon* 
acciMituated. 

With regard to the actual results olitained from a T'.anijdongh 
engine, the author cannot do 1/etter than quote the ligures published 
bv Mr. K. AV. A. Urewer in a ])a])cr r«‘ad befoic the Society of 
Engineers in 191 * 1 . Before doing so, however, it is only fair to 
mention that the tests rehuTed to ^\vre (.•arrl(‘d out on a new (Miginc,* 
and almost, if not quite^ th(‘ first of its type ev(M- built. For this 
reaM)!! the ..ligures mu.st not be taken as rejiresenting the, b(\st of 
wliich th(' (Migini' is cyjiable. ' 

The engine t(‘sl(M.l b}" Mr. Bri^ver was a double unit having two 
pairs of jipwer (*ylinders and two jiuinps connecttMl to a four-throw 
crankshaft with all cranks at degrei's, as in an ordinary fuur- 
cvlind(M’ rour-cyclc (Migine. , 

The bore of the power cylinders was -Ji in. and the stroke iU in.? 
giving a sveih volume of cu. in» in each unit, or G8’(; cu. in. 

per re>'olution of the*(Migim'. 1’he clearance space and com[)ression 
ratio are not stated, but the compression jiri'ssure is given as 88 lb. 
per Mjuan* inch, from which it may b(‘ deduced that tin* compression 
ratio was probably about 4‘55 : 1. I’his is based on tlu* assunqition 
that tin* value for the index is l i!8 for the conqncssiiAi curve, a 
figure which the author has freqiu'titly obtained fj'oin small high 
s])e('d two-cycle (Miginc.> 'Fhe volume of tht' clearance liy this 
calculation amounts to 9'7 cu. in., and the total v^lu^T\e of each 
pair of cylinders, wIumi tin* pistons are at their l(jw(‘st position, is 
44 cu. in. 


'I’he bore and .stroke of th(> punq) ('vlinders was in. by Hi in.,, 
giving a swej)t volume of Gl o cu. in.; the ratio between the xolume 
.swe])t by the ])ow(M‘ ])istons ^awd the scavemge })iston^ is ^therefoie 
I : a very low latio indeed. Tdie volumi* of ail' taken into tAe 


puni}) cyliiidiM- was nu'usured by means of an aiuMnomete]'; but Mr. 
Brewer .states in his pajxM' rhaf he is not satisfied with t^ies^ i]iea.sui‘e- 
ments, and .since the volumetric efficiency (jf the ])uin]) cyJiiidf'r, 
when running at lattO IM’.M., is gi\'en*as 100 ])(M' c(Mit. it is hardly 


likel}'^ that tlu'y are accMirate. 
however, and a*n])le- vaUa* area, 


With carefully desigvusl ])ipe-work, 
verv hi*gh voluAietric efficiencies' can 


be oUtained ('\(Mi at such sp(‘eds as *1500 IM’.M. But in this case 
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the {uitlior is very doubtful Avlietlier as hiiifli a volumetric efficiency 
as 80 per cent is obtainable. 

No indicator diai^rams were taken duriiic- these, tests, but the 
powei’ re(piij-^'d to rotate the engine at 000 ll.P.M. was tested by 
driving it from an electric, motor. This method will give a fairly 
accurate' i<lea of the fi-iction lo.ss(‘s, but will undcr-estiniate. the fluid 
losM-s, sinre, when the engine is not firing, it is probable that the 
baek-prc'ssure on the puni])s is considipably relieN'ed; in this respecit 
a two-cycle engine diti'ers from,a four-cy(‘le. in which the fluid losses 
are actually less when the* ('iigine is firing. By (not,oj ing the fric¬ 
tion loss at !)00 R.P.M.'was fo*And to aimmnt to about 1‘70 h,orsc- 
pow(*r, and the fluids losses to only O'.SO hp]'S(‘-p()W(‘i‘. The former 
loss will, j)robably be increased by about 10 per cent, anjd the latter 
by about /)0 ])er cent, avIic’i the engine is vuujjing normally, judging 
from the author’s ex]teriene<*. The inaxjiiiuni B.ll.B. at 000 lt.P..M. 
was about LO’.'). Adding this I’O horse-power for fri,ction, and 
I'L* lor fluid lo.ss. the. indicated hor.s(‘-])ower becomes l.'t'C), and the, 
mechanical efficiency 77 per cent; a Aery fair rt'sult for an (*ngine 
'of such small dimensions, and ernjdoying a rec.civer of small ca])aeily. 
(.)f the l’r‘> p(‘r cent lost, 14 pm- edit is accounted'for by lyiction, and 
0 per cent by fluid losses. •* 

The table on ]). i!G7 giA’es the result of the .series of tests carried 
out on this engine. 


It Avill be obs(‘rved that these figures give such widcL- Aaryiiig 
results, du'e to the difl'eiynt conditions und<*r which tin* engine? was 
running, that they cannot be reconciled with each other, and u.seful 
infoi'ination can only be, obtained by sel(!C,tii)g om* test, and following 
it through'. By far the Ix'.st of these tests is (! 12. taken Avlieii the 
engine was running at 1.176 Il.l’.AI., and developing 1.5 0 I5.IJ.P. 
At this spectl the mc'chanical efficieni-y will probably have? drop[)ed 
.to about 72 ])er cent, for it has been explained in Vol. 1 that the 
frictifni lo.sses, inciease nearly as the scpiare of the sjieed, owing to 
the greater byariiig pr(?,ssu]es resulting^ from the increasing inertia of 
tile reciprocating parts, and the fluid los,s(*s incr(*ase in a somewhat 
similai ratio, due. to the higher A cloeity of the gase.s. If 72 pci‘ cent 
be ac.ce]itrd ds the mechanic,al t*fficien'<‘.y (the author is taking this 
figure 'on the a.s.sum[)th>n that the ratio of mechanical efficiency to 
.s[)eed will follow the .san.ie general curve as in tin* case of his own 


t(?sts), then the indicated horse power becomes 

... i 2(>'8 * 

effective pressure, x G.1‘2 .lb. per square* 


20 '8, and the mean 

ir 

inch = 87‘7 11). ])er 
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«<|njuc iiK'li, a veiy ijfood ti';nve <‘.oiisidi*ring the size of the engine 
find tile low ratio of the punip volume. The [iroportioii of tlie fresh 
charge that c.scap<*s inihiinit through tlie exhaust portS is^giveii as 
-(J'7 percent, based on the assumption tlnit thi'. volumetric eflwioney 
of the pump is 100 ])er cent, and that c^mlmstion is coinplejbe when 
the exhaust.ports open. ^ • » 

If, as Mr. l?rewer suggests, 2 pp cent of bxygen is normally 
present in the exhaust gases of any petrol-engine, dii^ to incomplete 
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conil)iistioii, tlioii the loss of fresh churgc is icduced to 17'7 per cent; 
and if, agfiiii, tlie volumetric elheieuey of the puiii]) be taken as 80, 
and not 100 jier cent, as is more probable, then it is further reduced 
to 14'2 per, e(‘ut. The fuel consumption, 1 ])t. or 0’91 11>. per 
B.II.r. hour, is high, and the autlioi’ believes that tins is to ))e 
accounted for to soim*. extent by jjreeipitation of liquid petrol in tlu' 
receiver, ' The tbeiinal eftii*iency per B.lT.lb hour, Avith p(‘tro] of 
0-7’J5 specific gravity and 18,500 per 11)., works out at 15-2 

per cent a poor result. .However, in the discussion upon Professor 
A\ atson’s paper, read before the Institution of Automobile Engineers, 
Air. Brewer stated that' he Innb been able to obtain a brake thermal 


efficiency fi’om this engine of 21 per cen,t wln'U running at lOOO 
H.P.AI., and develojiing 12 2 B.H.P. This coirespjnids to an 
indicatecl thermal efiicie'ncy of 28 ])er ee,ut, as,winning that the 
mechanical efiicieiiey at this s])eefl is 75 pen'cent. If the compies- 
sion ratio be taken as 4‘55 : 1, tlum the air-standard ejlieieiicy is 

E = 1 — ( j = 45‘5 ])er cent,'.\nd the relative elliciency ()1'5 
/ 

'per cent. If allowance In* mad(‘ for the loss of 14 2 ])e)- cent of 
unburnt mixture, then the brake and indicat<‘d'ellicien'‘ies become, 
2-1 "5 and 22'7 ])er cent re.spcctively, and flic ivlativc* (‘fticiency 
7lit ])er cent. 

Compared with tin* Luc.as (‘iigine. the Lamplough is (^1) cajiabh* 
of maintaining a good mean pressui t* iq) to veiy much higher .sjM'cds; 
(2) it is inuch lightei'; ,(.‘l) th(‘ ,s])ecific, ])f)wer from a given siz»‘ of 
cylinder is much gieater: (4) the rotative balance is almost ecjuallx' 
good, but of course it does jiof po,ss(\ss reai'tionaiy baianc(‘; howt‘v<‘r, 
the highe'j speed and the greatei- numbi'r of im])ul.ses [)er minute 
makes this of h‘ss impoitance; (5) it is capabh* of firing i-egnlaily 
ox'ci- a wider range of .spee«l, and i.«. le.ss su.sc(‘ptible to variations 
^in th(f density of the mixture*.^ 

The method of placing the cylinders acioss the cj'ank.shafl a[)])eals 
to the aqtlK^c as .somewhat unmechanjeal, in that it necessitates the 
ifs(* of bent coilnectitig-rods, which, to be sufficiently .strong, mu.st 
nece.ssarily be somewhat heavy, and, moreovin-, it increa.s(‘s the side- 
thrust of'-ihe^pistons again.st the cylinder walls, due to tin' exce.s,sive 


angularity of these ro^s. So far as the author is aware, the Ijamp- 
lough engine is not wcvJl k^nown commerciallv, but it is, in some 
resp«icts, om? of the nio.sf interesting two-cycle engines yet pi’oducc'd. 

The Dolphin 'Engine. —The engine illu.strated'in figs. 99 
and 100 was de.signed by the. author in conjunction with All'. ,11. .A. 
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Hctiu'ringtori.■ In an earlier form it was placred on the market sonic 
nine years ago nmh'r the name of tlie Dolphin engine, but, owing to 
its inability to run at higli speeds, and therefore to develop a high 
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Fi.i;. !)lt. (iiMicial Ai'ia.i:; iiu'iit «it'Vwd-cyhaiU'r fS-I-iniii. Lore, (ri-iiuii. Stiol,|'. TytcS.F.S. 

Specific power, and also to its low meelijpiieal Mheicncy, it was unable 
to compete tor automobile purposes with the; four-eyele engine which 
at that tiilic w;is making especially rapid progj'oss. Eecentl}', .liow- 
ever. a very great improvement has been made in the vahes, by 
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means of whicli it lias lieeome possible nearly to doulile the luaxinmm 
I'otational speed, and at the same time imjirov^e the ineehanieal 
ehieieiiey. It Avill b(' seen from the illustration tliat the general 
lines of the engine are modelled upon the Clerk or Korting engines. 
Mliile simplieitv and cost of manufacture have been kejit in view, 
neithei* efbcieiK'v nor lialancing luive lieen allowed to suffer on this 



I 




Fig. 100.—Uiuiinlo EngiiiL-, Tyjie *S.F.!S. Two-cyliiiilc'i, S4 min. a 0."i mm. 

' I * 

account. • Tt,. dllief objects which have been aimed at are (l) ability 
to fil e regularly over a very wide rang(> of load and sjaa^d ; {'2) ability 
to attaiii, a #liigh mean pressure, a'nd maintain it up to high 
rotational speeds; (3) good balance; (4) tin; suppri'ssioii, as far as 
possilde, 'of fluid and* fj-ic.tvm losses; (5) to obtain a high lirake 
thermal 'ethcieucy at all loads. 

To fulfil the five yonditioi'js mentioned above, th(‘ tjlhwing means 
ha^'e been adopted. Ehrst, it was considered (‘ssential that stratifi- 
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Kig. 101 


cutioii should bo encouraged by every possible means, and that the 
presence of a portion of undiluted working fluid in the neiglibourliood 
of the igniter shouLl be ensured at all loads ainl all s])eeds. The 
former was effeeted by so shaping the cylinder-liead that tin* gasi's, 
after passing tlij-ough the Nalves at liigh V(‘loeity, should be fii'st 
collected into a small cliainlier and then passed into the cylinder, in 
the form of a solid diverging cone, at a low velocity, care being 
taken to ensure that no <-ore oj’ exhaust gases (iouhl be left in the* 
centr(‘ of the cylinder, lleliahnit}' of ignition is eli’ected by fitting 
the igniter in the emitre of the small chaiiibef just referred to, and 
HO shaping the top of this ('hamber>that a portion of the incoming 
charge is always deflected up against it; at the same time, the cajia- 
<'ity of this small chamber is so ])roportione< relation to that of 
the combustion space, that even on the 
lightest loads it is alnays tilled with fresh 
combustible mi.xture. P)\' this means there, 
is always a readily ignitable charge in the 
ignition chambei'. 

'^riie second condition, high mean jno 
siiJ-e, has l^een met by careful attention to 
the scavenging, to ensure stratification, and 

henc(‘ tin* ability to admit a comparatively large charge of mixture 
without a* serious proportion being lost through the exhaust ports. 
Jt i^ also heljM^d by th(‘ emjjloyment of a sp(M*ial type of valve, 
which is capable of operating at exceedingly high speivls, and of 
dealing with a large i[uantity of •mixture. This valve is ii'lus- 
trated separately in fig. 101, where it will be seen to consist of 
a split annular ring, of spring steel, held at one .end, and frei* 
to lift off the seating at the other. Ports are cut in the seating 
round about 270 degrees of .the circumferen(*e. The valv(‘ is. in 
effect. iiKM-ely a flap valve, but, since it is exceeding!}" light, and 
is composed entirely of active spring;' material, its speed of working 
is very high, while tin* jesistanee it offers fs smalL* In practice, 
about 10 oz. pi‘r sijuare, inch is reijuired to fully o])'.‘n a v.dlve which 
has a natural periodicity of 180 conijilete viinations per second, 
])ermitting of an (*ngin(! speed of well over ;>000 

Prior to the adoption of tlu'Si* A.dves, the' very highest speed 
which the author could obtain from an automatic ])oppet Valve’ with 
due regard to fluid lossi's, was about 50 jieriods per secoifd, and to 
obtain tlin? speed a spiing teihsion eiji^ial to nyiwly 5 lb. per s<,^uare. 
inch, was neces.sary. although the valve was made from nickel steel. 
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hollow, jurI lightened in every ^Jossihle way. Fifty i)eriocls per 
se(tond .siifMeed only for a speed of about 1000 to 1200 
while tlie spring tension oi 5 11). ])er s(|ijare iiu'li involved very Ijigli 
pump losses, \^ itli the employment of this special valve the author 



has been ^ddo. to maintain an indicated mean pressure of between 
00 and^ 05 lb. per square inch at all s])eeds up to a])Out 2000 R.I’.JM. 
in an engha* of ^J^-in. stroke'*. 

The fliird condition, good lealance, is nu‘t ])V so arranging the 
relative motions oh flic pump and power jjistons th{it the locus of 
their ceiitie of gravity is almost a true circle, as shown in the 
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(liii.UTum (fig. 102 ), in wliicli the dotted eirclo represents tlie patli of 
the ( ommon eentre of gravity of tlie two }>istons. If, now, a balanee 
^veight C([ual to the weight of the two pistons and rods lx* fitted to 
tilt* crankshaft in a jiosition at 180 degrees to that of the eoniinon 
centre of gravity, and at a radius ctpial to that of the Joens of the 
eominon centre of gravity, an almost perfect haJanct* can lx* ohtained 
with two or more units. 1'he halance is not quite perfi'ct. owing 
to the fa(it that the common centre of gravity does not descrilie a 
trm* <*ircle. its path being slightly elliptical; this causes a slight dis- 
tui'bance, whicJi occurs twice every revolutioiii, but which is almost 
inqx*ice[)lible. The balance actually obtained is very much better 
than that of a four-cylinder four-cycle (*ngine of the ordinary type. 

'fhe fourth condition, low fiuid and fri(!tion loss(*s, is imd by 
so timing the jmmp piston in ri*lation to the power piston that 
nearly the whole of +he delivery stroke of the ]jurn]) takes place 
while tin* exhaust ]K)rts are uncovered. Xo receiver is (*mj)loy(*d, 
and the jiressure in the ])um)) cylinder scarcely exceeds that required 
to overcome the exhaust back-jiressure and tin* slight rt*sistance of 
tin* spring \'ahc. >io delivery valve is fitted to tl.*e pump, the 
author considering tliat the inci'cased fiuid resistance* that such a 
val\i* would cause would more than counterlialancc any ad\’aniage 
to lx* obtain(*d li'oni a r(*duction of cl(*arance, whii'h <-an always be 
met bv slightly increasing the capacity of the })ump. In order to 
reduce the clearance to a minimum, the pijx* connecting^ the pump 
and working cylinders is of conqiaratively small bore, and the gas 
vehx-.itv through it is v(*ry high, (.,'are is taken, howev(*r, that tihere 
shall bo no sinhlen changes in the direction or A (*hx-ity of the gases 
between the ]>um[) and jxiwer cylinders, such changes having lieeu 
found both to increase the fiuid friction and cause jirecipitatioii of 
the fuel. 


The suction valvi* of the [uimp consists of a nundx'i’ of radial 
fing<*rs of very thin shi*et bronzi*. (*a('h fing(*r (*o\ (*ring a jiort. These 
fingers are held in placi* by means of a eur\ed keeji-plab*, which 
])revents tlii iu tVom opening too far and being unduly ’strained, and 
also from hx-al bending. I’he (*fi‘t*etive area of those suction A'alv(*s 
is conqiaratively large, and. their ivsistance trifling.^ JIowi*\er, in 
sjiite of the fact that the gas veloi-ity through these valves is only 
loo ft. jier second at a speed of 2000 ll.P..M.. the volitmeirie eili- 
cien(*y of these ])iimp cylinders, evi*n at low speeds, is not as gxxxl 
as the authoiyanticipateil. Full-load.indicator-diagrams show con¬ 
siderable Avire-di*awing on the suction stroke, whi<*h is not easy to 
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account for; in .some ca.ses auxiliary ports liavc l)ccii fitted round 
tlie ])ump cvlinder.s in .such a po.sition tliat they are uncovered l)y 
tlie displacer piston near the ])otto]n of the stroke; these ports are 
in ('oinmimication with the carhuredtor, and admit a further ehariic 
of eoml)Ustible mixture. X lariv(‘ numbei’ of te.sts, taken from these 
engines, show tliat the fluid' lo.s.se.s range from o to 7 jier cent of the 
indieat(‘d hor.se-])o\v(*r at iioi-mal spe(‘d,and heaj- jmictically the .same 
pro])ortion at all loads. 

The fifth condition, high thernuif efficiency, is juct by prevent¬ 
ing diH‘u'^ion liidwcew the. incoming charge and ,the exhaust ga.ses 
as far as possil>le, so that thediighest nu'au jiressure can lie carried 
with the minimum loss of unhurnt charue throimh the (‘xhau.st 
])Orts. and by the .s';i])pr(*.ssion of fluid an'd frictional lo.sses. Tin' 
latter c.mi onl\’ be initinated ht' careful attention to lubrication, and 
by reducing the weight of the rec.ipiocatiiig’ jiorts to the lowest 
limit, 'riic ;uithor has not, u]) to the present, hei'ii alih' to reduce 
the fuel eiiiisuirpition below O tJ? lb. of ]»etrol pi'r B.JI.P, Jiour, 
corre.sponding to a brahe thei'm.‘d efficii'iicy of ’JO’f) ])er cent; Init 
at half load'1 he fuel ctnisumjition is almost c'xactly tin* same, and 
in this respect it coinjiares very favourably vith ;i inodeiii four 
cycle engine, in which the half-load consumjition is generally from 
15 to :hJ ])er cent greati'r than the full load, i’oi- automobile pur- 
jjo.ses tlie light-load consum]ttion is of mor«' im[)orlance, than the. 
full load, {^ind nndei- sin-h conditions this ('iigine is jirobaljly (piile. 
eijual to the four-cycle. 

dtel(*rring to the .sectional ('levation. it will ll<^ seen that th<^ 
two c\']ind<‘r.''. logetln'i’ with theii' water-jaelod and e.xhaust bolt, 
are ca'»r in one piec(*. The exhaust jiort.s are arrangeil at e(pial 
intervals all round the cylinder wall, with the exct'ption that one 
]iort i.s omitted on that .side of tin; eylimh'r which reci'ives the. 
thrust from tin* connecting-rod. 'fliis is done in orilei' to guard 
hgainst the c.'-eatM' of lubricant «through th(‘. poi-t at the ])oint wheie 
it is most neeih'd. Tin* poits are not very huge, ha\'ing an area. 
e«jjiial to onl\ iuboiit 15 jier cent of tlie area, of |)iston. and their 
height is such that they are. first uncovered when the. jii.ston i.s 
55 degrees befoix*. flu; bottom c.entrcv It was found that larger 
exhaust jairt.", owing to tin' viny sudden relea.se of pre.ssun' in the 
(jylinder, s^'t u]i violen‘t i*ddi«*,s iij the exhaust gases, aTid causiul 
considm-aUe diffu.sion. Ueduc.ing the area of the ports had the 
efi(!et of greatly*im])ioving tlio.sca’vetiging without ajiparently raising 
the exhaust liack-pressure to any .measurable extent. 
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lu inatters of this kind the designer is faced with the problem 
that these small engines are ealleil upon to run not only at varying 
loads, but also at very widely varying speeds, and he has to decide 
what is the most probable spc'ed and load at which the engine will 
bo running <luring the greater part of its existence, and then design 
the exhaust ports, for that s]ie(‘d. Examining the shape of the 
combustion chaml)er, it will be ol)served that the surface exi) 0 ,sed 
to combustion is large. From a thermodynamic point of view 
tliis is undoubtedly wrong, and it is probable that an apprecial)le 
amount of beat 4oss might liaN c l)ejen saved* e^'en at high speeds, 
had. a, more compact chamber Ix'eii used.* In this cast*, however*,* 
the author considt'red it of much greater importance to satisfy the 
con<litit)ns.rerjuired-Xor good sca>'enging, even at the ex])ense of sonu' 
extra Iwat loss. Th^ toj) of the cyJiimler is closed by tlu* valve 
.•^eat, which thus form?; the cvlintk‘r-head, and is held in })osition by 
means ot^ a heavy, gun-metal, screwed plug, whose function it is to 
<*onducl ]ie,at awa\' fi'om the centre of the seating to the (;ooling wattrr. 
In ord<*i‘ that the transfer of heat shall bo as ra])id as possible, the 
Ix'aring suii'ace between the seating and the plug ]s iji tin*, form 
of a wide.cone, both surlaces bi'ing ground to ensure good contact. 

Loth the valve tind the igniter are attached to tin* valve seat, 
and all three eari be withdrawn for inspi'ction and cleaning by 
nu*rcly uhsci-ewing the ]»lug. A shoulder is j)rovi<lc<l in ihe cylindej’, 
u])on which the \alve s(*at bears, and here again a mottil-to-metal 
ground joint is ein]»loved. in ordi'r tc* as>ist in the <transfi*renc(* 
of heat. Llelow this shouhh'r is a* second and wider oin* whicif acts 


as a sro]* for the \'alve and lijnits its lift. 1'he combustible mixturt* 
from the pum[) evlinder ent(*rs between the sciewc^l plug and the" 
seating, and. [)assing through the ports of the lattei', lifts the valv<‘ 
and ent('rs the small ignititig chamber at a high velocity. Tin* 
gases (*ntcn' around n(*arl\’ the whoh* insi<ie circunifer(*uci‘ of the 
valve, and converge at tin* centre.* Thus tln'y lirst till tin* small 
ignition chamber and then ])ass through thh consfride<l neck into 
the cylind(*r. The conditions governing good sca\**enging and r^•pid 
and complete combustion aj)]M*ar at first sight to be conflicting, for 


the fortner requires that the gases shall enter tin* cylinder at a 
low veloeitv, and free from eddies, &c., which mav cause dilfusion, 
while the latter rccpiires that they ».sha]l *be in a stifte 01 rapid 


motion at the time when ignition o(*curs. In this *cas(‘, siinx* 
Ignition takes plact* pj-imarily in the'sniall igifttion chamber,.where 


th(* gases are pj-obably still in nuftion, the siuhh'ii exjiansion of the 
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difirgo tlieiTiii ojiusos u violent disturltanec' in tlic liiiiin liody of 
tin' gases in tlie lower part of the eoinlnistioii spaee, and so 
serves to promote rapid eoinlmstion. Indicator diagrams taken at 
liigli speeds sIjow that the combustion is (“xtrcmely ]Ji))id, and 
that with the .spark timed to take place 15 degrees l)efore the 
dead centre, the inaximiim j)re.ssure is attained when the jh.ston 
has travelled thi-ongh only 2 pei- c(‘nt of its sti‘oke. 

The inlet A’alve itself is made of spring steel, hardened. 
t(‘m[)cred, and gronml, the tliiekiie.s.s being about ’Of) in., but 
varying .somewhat according to siz(^ and speed. -Since, during the 
■compression and expamaon stroke, thik valve is in good contact 
throughout the whole of its surface with the seating, it follows that, 
no matter what the teinj)eratuic be in the c\ Jin/ler, the temperature 
of the, vah e can only be ver)' slightly higher^ than that of th(* seat¬ 
ing, and can ea.sily be kept within safe liiliits; fiirtlK-rmore, the 
incoming charge passes ovi-r the vahe at each levolutioii and 
a.s.sist.s in cof>bng it. In practice* this arrangement of valve, .seating, 
and ])lug has been found to work .satisfactorily for all sizes up to 
.‘.b^-in. valve 'diameter, but in larger diameters than this the tem¬ 
perature of the c('nt'i-(‘ ])arts Qf the vah e .s(*ating and of the ignitm' 
is lial>lc to become .so high as to cause ])re-igniti.)n. 

The ratio between the swept voiume of the jmnii) and that ot 
the working evlindcrs ranges from 1‘5 ; 1 in the smaller sizes to 
1’21 : 1 im the larger. In comparing tlu‘sc iigmes with the Lam- 
])!ongh oi‘ .other .similar engint's, how(*ver, it must be remembered 
thafthc' clearance h».s.s ac(‘.ounts for about 25 ])cr cent of tin* pum]> 
cai)acity, so that the actual ratios arc only Jibout T14 : 1 .and 01)0 : I 
ie.spc(*tively 

'I'he Cf»n])ression ratio is ap[)roximat(*ly 4 : 1 for ;ill sizes when 
petrol is employed, and 5'5 : 1 for town gas, sf) that the ratio of tln^ 
elective ])ump eapiicity to tln^ total c}lindci- capacity is about 
0'84 : 1 and O’Of : 1 re.spccti\'cly for ])cti’ol. With these r.-itios. 


imlicated niVaiir' prc.ssctrcs 
geiM*rally ‘bbtaiiffal. The 


of 95 .and 80 lb. i)cr .square inch are 
rcmaindci' elf the engim* calls for little 


comment. Foivcd lubrication is provided to all bearings by means 


of a rotary oU ])ump driven by sj)iral gcaiing fiom the. crankshaft. 
The main laairings an* lined with white medal. Until recentlv, 
the author*invaiiably u'.sed t)i'll-bcaiings foi- the crankshaft, l)ut the 
.strenuous*’oompetition foi* silent running led him very reluctantly 
to abandon their use, 


The engine illu.stratcd in lig.s. 109 and 


104 is of the stationary 






























278 


THE INTERNAL-COMBUSTION ENGINE 


type', and is mainly used for the electric lighting of private houses, 
or yachts. It can be arranged to I'un on either petrol or gas, the only 
diflerence being that with the latter fin'l a liigher compression is 
employed, and the carburettor is replaeicd by a mixing valve. Tlie 
engine has a'bore, of 4^ in. and a stroke of in., and is i-ated at 
7 y B.H.P. when using petrol and running at 700 R.P.M. At this 
.speed it is, however, ca]}al)]e of developing up to 0^ B.H.P. as an 
overload. This corre.sponds to an t]j) value of (51’5 lb. per .s(juare 
inch, the mcclianical ethciency is 81 yie'r cent, and the indicated mean 
jjressure 70 lb. per .sipiarc inch. The be.st fuel coiiisumptiou is aljout 
.0'7iJ lb. per B.ll.l*. hour, ('orre.sppnding 'to a brake', thermal edieieney 
of 19 per cent. The swept volume of tlic power cylinder is 88 
cu. in., and that of'the pump cylinder 11eg. in. Allowing for 
‘25 per ('eiit clearance loss,, the ratio between the sw(*pt \o,lume..s is 
as 0‘95 : I, and as compared with, the total volnim* of the working 
cylinder, it is as 07 : 1. With this ratio a mean pre'.ssure higher than 
76 lb. per .square inch should be obtainable, but indicator diagrams 
taken from the pump cylinders of thdse engines show a (-onsiderable 
amount n wire-drawing on the suction stroke, which ri'duces the 
M)liimetric. efficiency of the pump, and is not readily accounted fr>r. 

The. indicator diagrams illu.strated in lig.s. lOA, 106, and 107 were 
taken from ont' of these engines with a Hopkin.son ojitical indicator. 
At tlie time when tlic diagrams were obtained tlu' engiiu'hail )>ei'n 
ill continuous service for about nine months, driving a direct-current 
generator, ynd rumiing on the average about 14 hr. ])er week. Eor 
the rpower cylijuler, a .spring giving 90 lb. to the inidi was u.sed in 
the indicator, and for the pump cylinder a 20-lb. .spring. Diagrams 
No.s;. 1 and 2, were taken fjoni the powei- and piini]) c.ylindi'is 
respectively, when the enghie was running at .sliglitly abo\i‘ its 
normal load, oj- 7‘9 B.ll.P.. Nos. ;> a,nd 4 when the load was re¬ 
duced to 5‘5 B.H.P., Nos. y and 6 at -‘fS B.JI.I*., and Nos. 7 and H 
ai no load. Tn this latter ca8e a 20-lb. spring was u.scd in the. 
indicator foi the power cvlijidei- al.sp. Diagram No. 9 was taki'ii 
frojin the puhip‘cylinder, with an ovel'load of 28 per cent, or 9'2 
B.ll.P., but no diagiam could be obtained IVom the power cylinder 


under thi'se coyditions, owing to the seizujv of the indicator piston. 
Repeated attempts were madi*, but, although the diagram could be 
examined, the indicator bould ,not be kept running for a long (‘.nough 


period to'enable a photograph to be taken, without overheating. 
The time of exAosuiic varied .'.omewhat, but. in no case was it less 


than ^ second, during wliich time the engine made .slightly over 
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No. 1 



No. 3 


Fig. !(».■) 

two n'volutioii.s. lu tii(‘ of tlic ii^lit-'Ioad diiiyvaiu tig.' (“xposuro 
la,st(‘(I ov*(‘)- one second, and all I lie [^iun]) di^igrani.s'weiv taken wit4i" 
n still longer exposure. , * 
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Since, so far as the author is a\va]-e, those and the diagi'ams taken 
l)y Pi-ofessor AVatsoii on a Da)'’ enoino, whicli will he discaissed later, 
are the only ones tliat have so far heon tak('n from a small high¬ 
speed Iwo-cvcle engine, it is, therefore, worth while to (‘xamine 
them ill some detail. In the first place, it will he noted that the 



compression-pressure varies very considerably with tlie load; this 
may be attributed to two distinct causes: (l) Avifh ineiease of loa.<l 
the pressure in the cylinder, at tlie moment when the ports are 
closed, is ..greater, due, 6f course, to the greater exhaust back¬ 
pressure, but t^.iis alone dogcS not account fo]‘ the vOi-y great 
difference between tlie ])ressurc of compression at no load and full 
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No. 0 


J07 


load; (2) tlio socoiid. ciuisc is that on li.ifht loads the ])r()|)ovtiori 
of exhaust uases retained in tlie eylitulei' Ys very uiiu^i greater, 
and the t(‘nn)e.rature8 of these gases is so high that tlie}* are still 
giving nj) heat to the Avails of the eyi*inder diyiiig tlie eompressioir 
.stroke, at as givat, or ev(*n a greatei- rate, than it is being ini[)arte(l 
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to them by the coiiipression. Thut is to say, the, ecjiiiprcssion 
curve on light lomls, inst(!ad of being adisibatie, is practically 
isothermal, and the temperature of the eonteiits of the cylinder 
at the end of eoinpression is little or no higher than at the 
Ix'ginniug. Another feature of these diagrams is that eveji with a 
Jiiean pressure of only .‘!o lb. per s<piare inch, the rise of pressure 
on combustion is extremely rapid, showing that the mixture around 
the ])lng must be fairly pure, for any serious amount of dilution due 
to diffusion would tend t<) retai'd combustion. In this connection 
it should be added that ignition took place in aid cases 10 dei'rees 
• before the top d<‘ad ceiitri*. ^ * 

'fhe ra])idity of c.ond)Usiion at light loads, when the proportion 
ot fresh gases rtdaiifed in the cylinder cannot exceecl 10 per C(>nt 
of the 'cylinder volume, .and is pj-obalily even h‘ss, sho\vs faii'ly 
conclusively that a considerable amount of t^tratitication d(M's take 
])lace. For, if it were supposed that tin* 10 j)ei- cent of fresh gases 
were intimately mixed with some 90 pm- cent bv Nolunu' of exhaust 
])r(.(duets. it is clear that combustioi" would not take ])laee at all. 
Jhe author niust apologize for labouring this jxa'iit; luit, since it is 
a, (juestion u])on which tlu' lei^ding authorities aie not in agreement, 
and upon which the whoh‘ working proc'css »o(' two evcle eiigijies 
largely depends, it is woitli while diwoting a good deal of sj)acc 
to it. 


The opening of the exhaust pojts and tin? rapiditN' of the 
pressure ib'op are very (‘hairly showji in each of the diagrams. It 
will' also b(‘ ohserveil that the pr(‘ssure in the cylinder dro]Js to its 
lowest \alue when the jhston is about 5 j)er i-<*nt heforc; the (‘ud 
of the stroke, iihow'ing that the ai'ea of the, (‘xhaust ports is am[ile 
for the s[»eed at which tin* (*jigitie is running. It is clear from 
thcs(‘ diagrams that if bottom scavenging were ctnplov’ed, without 
ji delaying Naive, it AN’ould be neces.sary to make the exhaust ports 
op(‘n 15 p(‘r cent of the stroke* Iteforc* tin* inlet ports. Even if the 
depth of th'e inl(‘t ports were* only 1,5 p(‘r cent of the stroke, which 
wt'uld inVolN’e 'a very high Nelocity Ihrough them, and therefore 
considerabh*, fluid friction, the exhaust ])orts would still have to 
he o})en ^songWNher(! about "JO per f cuit hefore tlj(! end of the 
expan.sion strokus, instead of 20 per cent as in this case. 

In the no-load dia'grain.it will be, ob.sejwcd tluit. the exhaust 
pr(‘.ssure Actually drops fjelow atmospheiic. To obtain this result, 
ih(‘, governor was cKkout of ac-tion, and tln^ engine spgedell up until 
the pre.ssure oscillations in the t xhaust pi[)e synchronized with the 
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o[)eiiiug of (‘xhfiust. It is, liovvevuv, just possible that the loop 
shown is due to the inertia, of the. indicator piston, tliouch the 
a.uthor does not think that ihis is probable, for three rc'a.sous: 

(1) The oscillation does not coiindde with the natural perioflieitv of 
the indicator; (2) the pump diagrams do not show any (‘vidence of 
((.scillations being set up in the indicator when the atmospheric line 
is cro.ssf'd on the suction stroke, (a similar condition); (8) the 
pressure in the puiu]) cylinder (see pump diagram, fig. 107, IS'o. 8) 
i-cmains below atmos])heric, and ouly^ crosses the atmospheric line 
a.r th(* moment when the exhaust ports are (Mosed. 

IJj'fcrring to the pump diagram^ it will be oh,served that the • * 
j)i'c.<sure rises ia])idly at the eml of the delivery stroke, due to the 
fact that this ]»ortioij of the stroke is i)erfornfed after the closing 
of the e\haust port.s by the power piston^ and the gas is therefore 
c((mj)rc.ssed int(j the tvansfer pipe, and then ri'-expanded. The 
Micticm liiK' crosses the atmos])heric line again about 25 per cent 
after llu' beginning of the. suction stj'oko. From this it tv ill be seem 
that the last 25 per cent of tSe pump's stroke is devoteil to <-om- 
pie.ssing the ga.M’s into th(“ clearance sjxice and re-expa*nding tlnmi, 
'riiis purtiyn miisi. th(*refore, be wi;itti“n off’as clearance lo.ss. 

coJisiderable j)(»rtioM of this loss could be. avoided if deliv(*rv valves 
wcie fitted between the ])ump cylimhu' and the tran.shu- ]hp('. 

The point at which the inh't valve of the ])Ower cylinder oj)ens 
is ])articuiarly well .shown on the. overload <liagram, and the. o.scilla- 
tioiis on th(‘ deli\('ry stroke of this diagram coj‘res])OJi(t with tlie 
natural pjcriodiciiy of the spring v<dv('. The diagram.s also .''Ifow 
very cletirlv tin* great advantage that is to Ik* gained l»y the use 
of an automatic valve, which <((»cs not ojk'II until the pressure in— 
the ])(>vvei' cylimh'r has I'allen below that in the ])ump. If a 
m<‘clianicallv opi'iatc'd inlet valve were fitted, and timetl to open 
at th(* correct ]Kant for full-load runuijjg. then on light loads i^^ 
would be openitig at a tijue when the pi’essure in the juimp was 
consi(h‘rably below atmo'<])lu*ric, with the resfilt thirt'llle products 
ol cojubiistion would b(* drivel^ back into the j)nmp c.t'lindcf, fouling, 
and ])ossibly igniting, the charge therein. 

Firing-back into the pumjvs or receivers is liabh; io occur with 
all two-cycle engim's which do not use a. primaiy air-seavenge. If 
the ca])a(‘.ity of the receiver is hu'ge, sue.]* back-fires are seridus in that 
they (h'stroy a lai-g<‘ «piantity of combustit)F mixture, anfl for the 
iiext few strokes the engine receives *foiil(*d ejiflrges, which either""” 
do not ignite, or burn so slovvlv' as K) increase the risk of firing-back 
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iigiiin. Ill oiigiuos sui-li ms tlu* oik* under consideration, in wliieli 
no reeiMver is employed, sueli liaek-fires as do (.eeur an* of little 
eons(*i|uenee. in tliat tlie\ atl'ect only tliat eliarge wliieli is (‘iitering 
at tlie time, and have litth* or no (‘lleet on tlie suhseijiieiit <'liarges. 

"riie eurv(‘> shown in iiy. 108 are taken from a lonu’ series of 
te.'-ls earried out. on a small t wc>-e}linder engine of a tvjie suitable 
for motor-eai' W(.n-k. 



R.P.M, 

J0.S 


le leading dinuMisious of this engine were a-^ j’ollow,'.;—- 

Power e}*lind(*rs hove ... ... .. 2’N in 

Power eyliialers stroke .. ... ... u<oin 

Swei)t volullI(^ ... . ... .. 2U eii in. 

(^)nl])re.ssion rillio ... .. ...' ... ... <‘■{0 I. 

'^fotiil volume ... ... ... ... -'ll eil. in. 

Aresi of exhausl jiorts ... .. l asf). in. 

ExliiiiisOpfirts o|»wn (degrcies) ... •’jo. 

Pei'f'eii^.age of stroke ... .' i, lS]iereent. 

Etfeetive iinai of inlet valve, ... ... 00 stj. in. 

Pump cylinder bore ... ... ... -tin. 

Stroke ^ ... ... ... >■ ... ... 2'<S in. 

SwC'pt volume ... ... ... ... 'In cu. in. 

Etfeetive volume ... ... ... ... 2()h eu. in. 

Elfedtive area of pump inlet valve ... ... i'4 s<|. in. 

RaKo swept volunn^ of jnnnp to swept volume of 

pump •.■ylindoP... . ... ... ... I'ol:]?* 

Ratio effective Volume of pumji to total volume 

of power cyliinler ..." ... ... ... 084:1. 
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From oxamiiiutioii of the curves, it will he observed that the 
11.11.F. iucreases with iucrease of speed up to nearly 2200 K.P.M., 
(•()ir(‘spoi)iIing’ to a piston speed of 1270 ft. per minute. It is thus 
(dear that up to this s[>eed the inlet valve is ope rati 11 ,i;‘ quite satis- 
faetorily. Above 2200 ll.F.M. tlie mean pressure begins to fall 
more rapidly, and the indicated horse-power no longer rises in a 
straight line. This is probably due partly to wire-drawing in the 
pump valves, and partly to exee.ssive exhaust pressure, which, by 
raising the pump pressm-e,, will 'increase the clearance losses. I’he 
mean ellt'ctive pn'Jisure up to 1800 U.P..M. exceeds 1)0 lb., reaching 
a maximum of Da'a lb. [»er square iiv^'li at 800 IbP.M. The B.ll.P. . 
rea(dies a maximum of 14 at alxmt 2100 to 2200 R.F..M., but above 
that speed it falls oti‘. 

The pie(dianical efhciency, as might lie exju'cted, falls st(‘adily 
with increase' of specxl; due to tlx* extra Huid and friction losses, 
both of which will increas(‘ nearly as the scjuare of the speed. At 
aOO ll.P.M. the mechanical (‘tiiciem'V is 82 per cent, at 1000 JLP.M. 
SO per cent, at l.aOO K.F.M. 7()’})cr cent, and at 2000 il.l’.M, OO ])er 
cent. The fuel coiisunq)tion at full load was found to’be appi'oxi-, 
mately 07^lb. j)ei' ILll.I*. hour, and fit half load 072, the spe(*d 
being 1480 R.P. M. in both cjises. ddus consumption corri'sponds to 
a bndio thermal elhciency of 1D7 fiml ID'l ])c]' cent lesjiectiyidy, 
the indiciired therniiil ctlicii'uey on the full-load test being 2()'0 per 
c('i)L find oil the lailf load OLO per cent. Tlie air staiidai’il efficiency 
foi- (Ids engine is apju’o.ximately 42’2 pel’cent, so that tie relative 
(dlicieiicy i'^ OLO and 7 ‘^'^ per cent respectively at full and half 
loads; tlu* high relative etticienev at half load being', of course, due 
to the system of qualitative governing rendi'red possible by the high — 
dt'grec' of stratification obtidned. The low’er therniid etficienev at 
fidl lofid is eviileiitly due in part to the loss of a portion of the 
unbiirnt gases tlirough the exhaust jiorts, which is only to be ex-_ 
jiectcd in an engine wdth so large a' [uinqi ratio. In such a case 
as this, the full capacity of tin; pump is only c.alleit 'foi* under ab¬ 
normal conditions, as wlu'n cl'Anbing a steep hill, fimj'for tlte greatw 
pfii't of the engine’s life it is running at half Ibad or le.ss. 



CHAPTER XX 


LOW-EFFICIKNCY TWO-STR()K.E ENGINES 


I 

So far we ])ave Vonsideied only those two-i^/ele engines which 
limy l)e (lescrilied as liigh-oitiiycney cjigiiies, that is to say, {‘tigiin's 
in wliieli good balance, liigli s])ecijic, power, Hexihility of l)oth tor»|ne. 
and speed, and low'fuel coiisuinptioii have bc(;n the* chief objects in 
vi(*w. ' Th(M'e is a still larger class of two-cvcle (Migines, in which 
balance,'s])ecitic })ower. and fuel (lonsuniptioit are sacriticed in favour 
of c.xti’eme siin]dicity and low first co^t. Kor sindi engines, 
es])ecially in small powers, there is undoubtedly a v(‘ry large 
market. Thev arc, for exam])le, es])ecially suitable for auxiliary 
,.<‘ngines for'sailing }'achts, dinghi(‘s, motor cM-les. agi'icultin-al })ur- 
])o.scs, I'tc., and for all purpose's wliej'<' low first cost js the most 
important eonsidc'ration, wln'n*, owing to the shori jiei’iod that they 
are,required to work, the fuel consunijgion is not a serious ittun, 
and when they are not called upon to run at widely \ar\'ing sjh'imIs 
or under jvidely vaiwing loads. For all such purposes the two-cycle, 
engine usjng crankcase comjnvssion and seaveiiging with combustible 
ini'.clure has a wid(‘ scojhe, for «it is probabl\ the simjthist form of 
prime mover in existence*, has very few parts, and is excee'dingly 
cheap to fiU'Qduce. In America, i?) jaii'ticular, such engines are* 
])i‘oduce*d in enormous (|uantilie*s, in size's ranging I'reun 1 te) ItJ 
horsei-jKWver per e*ylinder. The'v aj-e.also. in ex<'e*ptional e-a,ses, built 
in large,*r size's, but their excessive*, fuel e'euisumption anel ejthei’ 
iidiere'iit disaelvantuges gene*r'ally ])ut the*m emt of ceeurt. By far 
the'ir large.^t 'fi^'lel is fn the* ])ropulsi.e)n of yachts’ <linghi('s, and they 
ai"e* frcqilcntly'jnaelc in the Ibrm of tl detachable* “ meetor rudder ”, 
a purpose for which they arc aebnirably suited. 

Although,by far the larger ])i‘e)])ortioti etf small two-e‘,ycle engines 
at prc.se'iit on the* market are of tlie ci'anke'ase e‘e)mpr«‘ssion ty])c, the 
author doP*s not propo.se to ek'vote a great eh'al of spiie*,e* to diseaission 
of the ^^irious make*,s. In the* first t)la<a', the* elith*re*,ne*.e })etwe*,(jn 
the'.iti is very slight, •'-iid the*ir inhe*re*nt elisabilitios will prevent 
them from competing w'ith the four-e‘,ycle eiiigine, e)r the high- 
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etiicieiicy two-cycle, on any grounds except lust cost and mechanical 
siini)licity. The word mec.liaiiical should he underlined, because, in 
pi'jicticc, they arc? anything but simple to handle, owing to their 
tendency to back-tin; and reverse on the slightc'st provocation. 

Tests of a Day Engine. -So fai- as the author is awan% 
although a vast number ot these little engines have been built, 
-very few scientific tests have been carried out on them. Professor 
'Watson, howcvei-, has c,aiTi(*d out a series of ^■ery detailed tests on 



a siiniJ J.)ay engine*, rati'd at 1>.I1.1*. These* t(*sts have all■(*ad^■ 
be(*n refe.rr(*d to wln*n discussing the question of scavenging. The 
i'ngiiK* he i'\])erinn*nte'(L with is of i*he tlii‘c('-port tyjM*, and inav 
b(* r<'g!i]*d(*<l as t3q)ical of engines of this class. A «r<)ss-seetion of 
it is shown in fig. 101), hic*fi shows tin* n*lative |^>sihofis of tlv? 
inh't and (*.\haust j)orts in the c.ylindei-, but does not show the inl(*t 
port to the erankease, which, in tin; ])osilion illustrate,d, is inask(*d 
by the jh.ston. The port timing is shown in tig. liO. The*exhaust 
poit is o[u*n during 1 de'grees of thg craAk, and the inhd 
^luring 1)7 degr(*('s, the “lead ” of the exhaust port ovei* the; iij^et being 
llii elegiees. T^'C erafike-a.se oye>n(‘eTfe)r GO deg;ree;?*" 

as the engine was originally e;on.striie*teel, but Pie>fe's.sen-'Watson fe)unei 
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tliat fi consiilerable improvoiiieiit coultl be lumlo to tlie power of the 
eiijiiiu' ut speeds ])y iucreasiiio’ the deptli of this poit, so that 
it was opened for 82 dep;re(“S, I'lie leading dimensions oi’ the engine 
were as follows: 



'Pests were eari-ied out. and indiealor'diagrams lakeji. at GOO, 
OOO, 1200. and 1 .'iOO 'Pin* diagi-anis are illustrated in 

tigs. I I L anil 112, and the port openings in each ease are marked on 
the diagram, so that the pressure, both in the eylinder and erank- 
'easi', at the time of opetiing ak'd closing the ])orts, can be read off’. 

The ri'.i'ults. are tajmlated bi'low:— 


* ToM 
No 

(r 

SfU'i'd. 

a 

n 'll 1* 

1III- 

Ni i: 1 

Air I*«'tiol 
Jiutio 

MccIihiiii al 
Etta iriiry. 

V}> 

El Id loll 
Loss 

riiiiti I 
Loss j 
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8-0 
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11-21 ■ 1 
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•IST) 
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1.5 
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1 
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17-8 

7'2 
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i>;i2 

:i:i 
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1 (>-25 

(i-75 

‘20 
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: .:v3 

4:'!) 
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1 77-0 

:i!»-8 

10:*'.5 

(1-75 

;i:i 
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1 :v(\ 
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20-45 

(1-05 
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.-{4-8 

iy-85 

015 




_ 



• 



fc, _ _ 




LOW-EFFICIENCY TWO-STROKE ENGINES 289 




Fi;'. Ill -Iilfllc-iiliii IMiiyiain's fiolii I>iiv Fiigiiio 


10 


The i'uel eoiisu]ii])tioii anil biuk(‘ and iiidic'ated thermal etHeiencies 
ihtained diirinti tlioso tests were* as follows; i 


■■•t Nn 

1'. 11 V 

III r 

Llis ]>fi 
JSHl' II.Mir 

J.lis per 
liJ.I* H»m- 

lii'uki' 
Tln'i-iiiiil 
rthiu'iii i 

TIktiiiuI 
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Ji‘i ((‘lit 
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2 4S 
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0 7S1 
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21 
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1 lit 
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11 r, 

14 9 


I.'. ' 

2 5 

:5 

O’ll.') 
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l4-:5 
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2 11 


1 -02 
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l;4 4 

17-2 


-1 1 
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The author has selected only a few rejiresentative e.Aimjiles of 
the thirty-live tests piihlished l»y rroli'ssor )\atson. Test 38-is l»y 
far the best of any of them, 'fhe hif^ljest B.TI.P. reeonjpd is 070 
at 1500 Thl’.M., while at 1199 3-4 p.H.P.’was doveloped. Singp.- 
an increase of 300 R.P.M. ejives a eorresponcline; increase of oul_v 


Voi.. I. 
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0'3 it would that the iriaxiinum horse-power is 

reached at about 1500 R.P.M. 

By dint of further exj)erim(*ntin<^’ with tlie ports and increasing 
the erank-chfUiiher iidet port opening, as explained before, Pro¬ 
fessor Watsoii was able to incvease tin* power at all s})eeds above 
GOO R.P.M.. but this improv(‘.iuent was only obtained at the expense 
of the thermal ctHciency. Tlie improved results are given below: 


Test No 

SjH'fll. 

i.H.r. 

n.n r. 

Mil 

Krticit'iicy. 

ISntkt.- 

Tluriiiul 

IiiilidiU'iI 

'I'liPi'iiial 

Ktt'icu'iicy. 

j)]) (Ills, jicr 

sijiiarf 

nich). 

I 
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T) ' 1 S 

4 ■21) 

si-u 
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IT)-4 

.-11 •:{ 
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1 

150U 

n-Tt 
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Sl-0 
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k;;; 

4:1 r» 




S-pced *1226 
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<A 
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a. 

£ 


112'—Iinlici).tiii Oi;ij;iaiiis from Oiiy Ku;;iiir 



The (.*\i'ect *of this t;hang(‘ has been to raises the sj>eeitic ])ower, 
and therefon' also the mechanical etheiency, very consid(‘rabh', but 
the tlu'rnpi.! clficicncy liau been much reduced, owing to the larger 
proportion of fresh^ clfargi* Ipst through th(‘ exhaust ports. The 
pejceiitage of unburfit charge in lh(“ exhaust is as ibllows:— 
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Speed: 

Original Inlet Ports. 

Altered Inlet Ports 

600 

. 3.5 per cent 

.. 32’5 per cent. 

900 

29 

■M-O „ 

1:200 

19 . 

t27-0 „ 

ir)00 

i 

17-0 


From the general .slope of the 15.11.1*. eurve it is probable that 
tlie, iiiaximuiu B.H.P. would be about 4'8 at 1700 to 1800 R.lMV'l. 

One of the greate.st obje(;tions to engines of this type is their 
ina]»ility to run at light ,loaUs.‘ 'Phis will readily be understood 
when it is conside^jed that, even when runnijig'on full load, the ]>ro- 
]iortipn of eombustible inixSture to^ exhaust gases present in tlie, 
< yJiud(‘r barely exceeds 30 per cent, and that, owing to the violent 
diffusion set up b}' this sVstein of scavenging, this small proportion 
is intimately mixed with the products of ^coml)ustion. If, How, the 
proportion of eoml)Usti*l)]e mixtuiv be .still further redue-Cd, it be- 
<-(tm<*s so diluted with exhaust products as to eea.se to be inhani- 
mable. In this ca.sc the engine ignites oidy every .second revolution, 
that is to .say, only aftei' IwO ehai'ges have entered the cylinder. 
'I’liis is generally known as “four-cycling”, and is a common and 
tiivsome luibit with engines of this tj'pe. 

Tlu' following reiuarks may be quoted from Profe.s.soj‘ Watson’s 
jidmirable ])aper on the Day engine, read before the Institution of 
Automobi+(‘ Engineei's; 

“ When compaj’ing the working of this two-eych*. engine with an 
oi'dijiarv four-cycle engine, it is to be not(‘d th.it the raij^e of niix- 
tui'e l ichness which it is possible to.u.se is Considerably smaller 'vith 
the two-cycle than with the four-cycle, due to the very much larger 
admixture of exhaust jifoducts with the fre.sh chargy. ^ITule.ss tlui^. 
riclincss of mixture be adjusted within com])aratively narrow limits, 
pai-ticularl}' at the high .speeds, the engine refu.ses to work on the 
two-c.yeh', and only fnes on evi*ry other out-stroke, the intermediate 
sti’oki' acting as a .scavenging .strok(‘ ♦ I'he I’esult of this jieeuliarity 
is, that unless the carburettor provides a mixture of yiiriform rii*hne.ss 
at different .speeds and for different throttle openi«gs,*s»tisfactoj-y 
working cannot be obtained. In the case of the engine under test, 
the effective size of the carburettor jet was hand-adjqsted in every 
ca.se. but even then, at a .speed of l.^OO R.P.M., it was ofteTi ditlicult 
exactly to hit off the correct mixture.” ., ' . * ' 

• Referring to the retarding of com])usti*on by the pre.s«nce of so 
large a proposition of exhaust gases, Profe.s.sdr^Watsbn .says: 

“ The proportion of exhaust pModucts to new charge is about 
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twice as great in the case of this two-cycle engine ds it is in the 
four-cycle engine. By det(‘.nnining the crank angle at which contact 
was made on the commutator, and the interval whicli elapses, with 
the particular coil employed, between the closing of the primary 
circuit and tlie passage of a spark, it was found tliat to obtain the 
best-sha[)cd diagram at 1500 R.P.M. the spark had to pass, and 
lienee the charge was fired at, a crank angle of 30 degrees before 
the top of the stroke.” 

As regards mechanical features, it* mu.st be remembered that the 
chief claim of these engines to popularity lies iv their low initial 
•eost, and therefore, their meelyinical design is carried out with a 
view to leducing cost of [iroduction to the lowiist possible limit. It 
is common practice 'to east the cylinder, ’togej,ther with its water- 
jacket and the main body jof the crankcase, in one piece, leaving the 
top of the cylinder oi>en, and afterwards closing it with a plain flat 
coA'er, often unjacketcd. In engiiK's of the better quality the 
c\linder is ca.st separately from the crankcase but in one piece with 
the head, the head in this case being hemispheric/a1 and water- 
jacketed. Ill all cases the ports are cored into the cylinder casting, 
and are not machined, l^he crankcase generally consists of a })hiin 
cylindrical body, provided with the necessar}’ lugs for supporting the 
engine, and closed by two plain circular covers which carr}^ the main 
bearings. Gas tightness in the crankcase, is generally secured ly 
the use of very long main bearings, lubricated with thick grease. :in 
arrangemeit which works well so long as the bearing is not badlv 
worti. 

In the larger engines, in {;ases where space does not permit of 
• ' cry long sealing washers are employed. These consist 

of faced washers, fitted verv carefulh’ to the ciankshaft, and made 
to revolve with it by means of a fea.ther or ])in; light springs are 
fitted behind these washers to kciqi them ])i-essed against the inside 
walls of the crankcase, which tire also carefully machined for their 
reception. 'Abs'jlute tightness of the ciunkcasi; is a matter of con¬ 
siderable import 4 iarice, for although the'pressures are low, leakage of 
only a very small proportion of air into the crankcase will alter the 
composition of the (jombustible mixture therein, and may lead to 
incessant trouble. In the design of piston-head there is a great 
differeuc.e of opinion. ‘Somci designers shape the top of the piston 
with the greatest care, so that it shall deflect the incoming charge 

o ^00 

“ifp to the top of tilcylinder; others again, as in tfie Day, use a 
plain flat-topped piston, with nothing but a vertical deflector plate— 
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a design which seems highly unscientific, hut in j)ractice appears to 
♦give equally good results. In the large Sulzer-Diesel engines, using 
bottom scavenging, a perh'ctl}' 2 )laiii piston is used, with a slightly 
concave head, and reliance is ]3laccd on the upward slope given to 
the ports. In practice these engines give the highe.st mean pr(‘ssures 
<)t‘ any that employ bottom scavenging; there are, however, other 
riMsons which exert a powerful intiueneo in this ease. The author is 
imdim'd to believe that the use of baffles on the pistou is unneces- 
saiy; thei'c is ])robably a# better chance of propelling the incoming 
<-harge n[) to the»to}) of the cylinder by using upward slojiing ports 
and giving the diri'ction ji't a tiny?* wIumi, velocity of th(‘. gases ip 
V(M V high, than by attempting to delleet them upwiii'ds after they 
have (Altered the (;;^din(\‘r and lost much of’tlu'h' velocity. 

With n'gard to tlm “ lead ” of the ejhanst ))orts, th(‘r(/ is again 
a consiilerable difleicfiee of opinion, and d(*sigijers appoilr, through 
Jack of p^ublished data, to Ix' v(‘iy much in the dark. An examina¬ 
tion of the iiidicato]’ diagrams lakcm from the Day engine reveals 
tlu‘ J’aet that the. lead givcMit in this ease, is not sufficient except 
for (jiiite low speeds; foi' the [)unq) diagi’ams show a Jnarked risejof 
j)ressure,in the crank-chamber wllep the exhaust ports are first 
o])cned, showing tiiat the pi'ossure in the cylinder has not fallen 
siitiicicntlv. The port areas in this instance are not given,^ so it 
is not jfossihle to calculate' the ai'i'a. of e.xhaust ])ort that is un- 
covc'rc'd before* the inlet eomineiu-cs to open. To give the h^ad in 
terms of tlcgi'ces of crank angh* alone is not snlHciept, thepire/i 
al.so must be given before anv usuful datJi can Ik* anived at. ‘It is 
evident that tlu' success oi- otherwise of engines of this type must 
♦ li'peiid very largely on the exact 2 U’o]iortioning aipl j^iming of the 
]) 0 !t openings, an<l that the very wide ^'ariations of output f]-om 
apparc'iitly similar engines of diHerent makes must, be due to slight 
(lirt'eivnces in the size or timing of those openings. The remaining 
])arts of these engiiu's call for litfle c()mment, since the}’ do not 
ditler in anv way from similar ])arts of oti^er emhiies* ('xcept that 
the cj'aidvcasc is made as* small as ])o.^sible, aud idh cleurajict's 
cut down to the minimum in order to reduce its capacity. Even 
so, as has already been pointed out, the ch'araiices y,re far too great 
to permit of efficient pum[)ing. * 

The Gray Motor. —In tig. 11 d i^^ slftjwn an engine‘ntade by 
the Gray ]\lotor (k)m])any, of Detroit, Michigan, t'.S.A.,«who manu¬ 
facture thesft engines in em)rmous (jwantitics^ tjieir*principal mai^kci 
being for marine wiuk. As wilUbe seen from the illustration, the 
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engine is of the three-port type, snjiph'ineiited hy ii siinil] auxiliary 
inlet valve. On tlie upward stroke of the piston the small i)ort on 
the left-hand side of the cylinder is first uncovered hy the piston, 
and eomlnistible mixture is di-awn into the erankea.se througli a 
spring-loaded poppet valve. Owing to the spring tension required 
to overcome the inertia of this valve at high speeds, the jidmission 

of tile ( IS 

3 lltlt 

„ ,, ,, , ,, on the left-hand side 

Tjk. li;J Gray-Motor, Model ‘1 

•• of the engine is iin- 

covered by tlic-piston when about 75 ]jcr cent of its stroke has bemi 
• c.orypletodjtaild tlie inlet port at about*-85 per eent of the stroke. 
It will be notetl that the inlet ports are given a slight ujiwartl 
inclination, and^ that the bafHe on the diead of the piston is fitted 
l ery elo.se to the iidet .side of the (*.ylinder, in ordei- that the deflector 
.shall act'uppn the gases«‘at a time when their velocity is .still high. 

The lower«.end of the inlet ])ort (‘ommunicate.s with the cylinder 

“t+K'Ough a .slot (^ut i/i the. wall of the piston. 

It will be noticed that a devic^e to prevent firing-back is fitt(‘d 


Tjk. lid - Gray Motor, Model “ 1 ’ 
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ill the inlet port, e-onsisting of a nest of thin metal plates. The 
object of tliis device is to split up the gases and expose them to 
ji very large cooling-surface. Tn the event of flame passing hack 
into the inlet port, this large surface is intended so^ to chill the 
burning gases that combustion cannot continue between the plates, 
and no flame can pa.ss back and ignite the cJiarge in the craiikca.se. 
The author is, howevc'r, very doubtful whether such a device can 
be efl‘e(‘tive, owing to the high velocity of the ga.ses and, conse- 
ijuently, the extremely sliort time, during which they are exjiosial 



to the cooling-surfai'c. Back-tiring into the crankcase is one of the 
greate.st evils of engines of this type, and both the author and many 
others have expiTimented will) similar devices, but without success. 

In the Giay engine, shown in fig. 114, the cjdinder, c.rankcai^*, 
and cylinder-head form three .separate parts, but in J:lit* smaller sizes 
the cylinder and h(‘ad are ca,^t in one piece. The intiike^and exluipst 
pipes are both eastings, and are held in place by means of steel 
clamps and dowel-pins, a’very simple and neat arrangement. The 
<*xhaust pipe in all the larger siz('s is wat(‘r-jacketed f3r a short 
<listance from the cylinder, and it is^ usiud in marine, entities to 
admit a })ortion of the, circulating water into the exhaust pipe, where 
it mixe.s* wit|i and cools the exhaust ga.ses*^tljus both helping-La 
silem-e the engine and to kec]) the exhaust pipe cool. The sizes. 
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made l)y the Gj’uy Motor Ooiiipaiiy range from 3 to 12 horse-power 
per cylinder, the dimensions of tlie smaller sij:e being 3^-in. bore 
and 3^-in. stroke, and the normal speed GOO II.P.M. The largest 
cylinder has a bore of 5^ in. and a stroke of 5 in., the swept volumes 
being 33'o and 130 cu. in. respectiv('Iy. 

Te.sts carried out at the Purdue University in 1900, on a two- 
cylinder 12-horsc-power engine similar to the one illustrated in 
fig. 114, and having cylindei’s 4^_-in. l^ore and 4-in. stroke, gave 
the following re.sults. ' . 


The specific giavify and calorific valiu‘of tlie ftjcl are not stated; 
• but, since petrol was us(m 1, it ^¥ill be f?lij ly corrt'ct to tak(i these as 
s])ecific gravity 0-725, calorific, valm* 18.500 H.T.U.s j>cr pound 
lower value, and the* l)rake lln'rmal etliciencv .’s cah-ulated on that 


The mo<‘.hanical etficienc.y, indicat(‘d Jioi‘,se-po\ver, and fluid 
los8('s are’ not re(*ordcd. » *' 
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(Jomparing these results with those which Professor Matson 
^'btaiiu'd frqm ,the Day engine, it will be seen that they a,i'c inferior; 
but the author, judging by his own cx])criem;e with inigines of this 
type, conshlers that Profe.ssor Watson’.s i-esults ai'(>, very much better 
than ar(! usually ol»tained. The specific; pow(*r of the. Giay engine 
is 9-65 cu. in. swe])t volume 'per maximum horse-]cower; that of 
the Day engifio 7-3 t'a. in. before the alteration to tin* ]iorts, and 
5-p cu. iib aftt^j’. The maximum t]}) Value of the Day engine is 
53 lb. per s(|uaie inch fit 922 K.P.M., and that of the Gray 44 lb. 
per square iii^h at 909 R.P.M., the juStoii speed being very nearly 
the same*in both ca.ses. But since, in the Gray engine the value 
im.'i'eases twiiformly as Ihe .sjteed decreases, it is probable that the, 
maximum**value* is somewhat higher at a lower speed. The Icfest 
"lFiak(| thermal (Micienpy of the Day engine was iG'G ]v*.r cent Icefore 
the alteration to the ports, while, the Ice.st brake; thermal cHi<;iency 
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of tlio Gniy engine is only 13'3 per eent, a somewhat poor result. 
It is pTol)able that the coiisideruble difference in the results obtained 
fioiii tliese two apparently similar engines is to be found in the 
exact port timing, and possildy in the (sarburation. Professor 
Watson employed a carburettor with a hand - controlled needle 
adjustment for the peti'ol jet; with such an arrangement he was 
pr(d)ably able to obtain the best possible conditions, so far as 
carburation was coneerned; but this method is of course only 
applicable for a laboratory test. It. would be uselc.ss under the 
practical conditioi^s of everyday running, siuefi it necessitat('s hand 
adjustment of th(‘ petrol supply for v’cry change of load oi- speed. 

The Fetter Engine. Messrs. Fetters, Limited, of Yeovil, 
hav(‘ recently ])ut oa the marlo't a small two-cycle engine of the. 
crank-ciaimber dis])lacejnent type, designod to run on pnralHn, and 
to develo[) 0 brake h(5r.se-])owei'. * In this engine, air only is com- 
])rc,s,sed ill the basc-cduimbei', and the fuel is taken up by the ail’ 
dining its ])a.ssage from the crank-chamber to the cylinder. 1'he 
engim* is governed by throttling the air supply from the (irankcase 
to tlic inlet ports. Thi' control of the fuel is effected by the suction 
in till’ ciaykca.se. which draws a certa'iii proportion of the fuel out of 
the fuel chambei’ iifto a small nozzle, situated in the inlet poi’ts. 
The efh'ct of ri'stricfing the jia.s.sage of air from the crankcfi^jc to 
the cylindiM’ is to ri'duc.i' the. suction in the crankca.se, and also the 
siu’tion on the fuel. ITimce le.ss air is taken into the crankca.se, and 
le.s.s fuel into tlu* fui*l nozzle, and the proportion between air and 
fuel inori' or le.ss retained. No \'tiporizer is cmployi'd, and Such 
va])oiization as lakes place occurs in the cylinder. 

Oning to the high velocity of the entering air, the ^paraffin will 
be thoroughly atomized, and pai tially vaporized by the. hot cylinder 
walls and piston, and still hotter exhaust ga.ses in the eylinder. This 
method of carlmretting jiaraflin is rather attractive, in that it is not. 
neee.s.sary to prc-hcat any of the air required for combustion. Con¬ 
sequently, both a grciitcr weight of air c.an be tulmitK'd, itml a higher 
compri'ssion enqiloyed. ProVided the fuel is tliorciighly'atomizid, 
and intimately Jiiixcd with the nece.s.sary air for combn.stion, it does 
not mattci’ very much whether it is vaporized or not^ for there will 
be very little time for precipitation during the short period between 
its admission and (iombn.stion. • * • 

In thjs re.sjx'et it would seem that the two-cycle cngintTdi.stinetl}' 
gains over the foiir-cyeh', foi’ if fuel A'er(‘ adiiiitted to the cyliml'er 
of a foui-eyele engine during the. suction stroke in the same manner. 
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a very large proportion of it would precipitate upon the cylinder 
walls during this period, nor would it have the same chance of l)(‘ing 
vaporized, owing to the much smaller proportion of hot exhaust 
gases preseT\t in the cylinder. In other respects the Potter engine 
is very similar to the two engines previously described, but instead 
of using inlet ports to the. erank-('hamb(U‘, a largo leather flap valve 
IS employed, giving an ample area with very little inertia. The use 
of leather valves for this purpose' is only practicable for engines in 

which air only is taken into 
the craukttase, for if petrol 
' be taken in it is liable to 
dejstroy the leather. Care 
must also be taken to en¬ 
sure. that the teuQfperature 
of the crankcase shall never 
be high enough to damage 

00 O 

the leather. 

It will be observed from 
the illustrations (figs. 115 
and lie) that in*the T’c'ttcr 
engine' tlie cylinder and 
crauk-chainbei' arc cast in 
one piece, and a separate 
water-jacketed cylinder-1 1 cad 
is fitt(*d. This certainly 
makes for cheap construc¬ 
tion, and would seem to be 
entirely satisfaetoiy. Large 
insjie(*,tion doors are [jro- 
vided on either side of the crank-chamber, through which the 
.connecting-rod can be inspected, or, if necessary, diseonne.eted, 
while to draw the piston tin*'cylinder cover must be rcunoved. 

No partjcuh^rs of 'any independont tests carried out on one of 
tbsse engines a^o obtainable, but the mVkcrs state that the fuel con¬ 
sumption is approximaL'ly 4'1 lb. p('r hour. Tf the j)owcr be taken 
as 5 B.H.P. ns stated, then the fuel consum})tion works out at 
0-82 lb. per B.H.P. Taking the lower calorific value of tlie paraffin 
as lOjOOO B.T.U.s per pound, the brake thermal efficiency becomes 
IG'3 per cent. 

Three examples'o/‘ crank-Chamber scavenging engines have now 
been dealt with: the Day enginfe, using three ports and no valves; 
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the Fetter engine, using an inlet valve and no port to the crankcase; 
and the Gra}’ engine, using both an inlet valve and a port. These 
form the three leading types, and, although there are an immense 
number of similar engines on tlic market, they all differ^ from those 
described above only in tlie mr>st trifling details. The type of 
two-cycle engine iji \vhi(;h the fuel is inje(*.ted into the cylinder at 
the end of the compression stroke will be considered at a later stage. 

The Out-board Motor. —Yet another adaptation of this type 
of engine is for what are k’aown *as “ qut-board motors ”, that is to 



Fig. 116.—Potter “.Iiinior'’ Marine Engine 


sav, small stdf-contained units consistini? of an enmne driviim' a 

* C» ^ 


propeller, which can be clamped to the stern of a dinghy or rowing- 
boat, and so convert it into u motor-boat. These little appliances, 
which originated in America, art' r}>pidly becoming jtopular, foiT 
they can be very t'asily transporttid. and can be attached to pratv 
tically any type of boat in a. fetv minutes. A tyjucal ijxaifipie of onp 
of thes(' motors, known as the. Evinrude, is shown in fig. 117. 
It consists of a small thvpe»^port two-('yele engine^of from 13 - 
to 3 horse-power, mounted horizontall^^ with one side of tllfj crank¬ 
shaft extended downwards, and running in a ioug brass sl^ev?. * At 
the .end of this sleeve; is a small, torpedo-shaped box, caruj’ing the 
horizontal •propeller-shaft and propelley, which i§ driven from th& 
extended crankshaft by bevel gearipg. 
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A simple reciprocating jilungor-puinp for the circulating water is 
combined with this gear-box, and driven b}’ means of an eccentric 



Fis 117. Eviuriidi' Motor 

I I 

mounted on <.hc short liorizontfd 
]>ropfllcr-sliaft. The otlicr end of 
till, crankshaft carri»‘s tlie ily-u liind, 
which is mounted in a horizontal 
])lanc, and forms the top of the unit. 
• I’he magneto, in some casivs, is com- 
liined in tlie H\ -\vhcel, two hardened 

I 

slci‘l magnets licing einbeddi'd in 
the rim of the wlii'cl and rt‘Vol^■ing 
around a stationary armatuie. I’lie 
]ictrol tank is generally arrangeil 
lartially to siiri-ound the crankcase, 
to which it is attached liy means ot 
bi-ackchs cast on the latter. The 
whole unit is c.xrrcmely neat and 
c'ompAct, its weight ranging from 50 
to 80 11). The fuel c.on8um]»tion 
rang(‘s fioiii 2 to 4 ])ints per hour, 
and the j)ower is sufticient to propel 
Tm ordinary .sea-gobig dinghy at :J or 4 knots. 

The principal objec.tion to •the.se little out-board motors is the 
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serious vibraticni that they cause, owing to the high speed at which 
the engine runs, and tlie lack of rotar\- balance. To obviate this, a 
twin-cylinder opposed engine, known as the Archimedes, has been 
put on the market by a Swedish firm, and has two horizontal opposed 
cylinders. The [ustons are connected to two cranks 'set at 180 
(l('gre»‘s, so that tlie two jnstons approach and recede simultaneously. 
(.Vunbustible mixture is drawn into the crankcase through a third 
port, anti is compi-essed between the two pistons until tlie inlet ports 
are uncovered, when it entprs the two cylinders. It is then coni- 
jiressed and ignitej;! in the two cylinders siimiltaneoiisly. By tJiis 
means a nerfect rotative Ivfilance is obtained, but the turning 
moment, and therefore the reactionary balance, is the same as 
tJiongh a single-cylinder ^Luigine of equal total, capacity were em- 
plovcd. ^Owing, h-owever, to the extremely high speed at* which 
these engines run, th® reactiomn;y balance is a matter, of very 
little conse<pience. 

In practice these little engines run very smoothly, and, 
thanks to the ]jerlect rotationa*! balance, it is possible to run them 
at a much higher speed than the single-cylinder type, and therefore 
at the maximum of efficiency or spucific power. In the author’s 
(•[linion, tin; expensi;. of adding an extra cylinder is thoroughly 
justified, for not only does it practically eliminate all vibratioji, but 
also allows of greater power for a given weight. Since tin; propeller 
is dri\'eij bv g(*aring in any case, its speed is inde])endent of that 
of the (Migine, and anv reduction, within i(;asonable limits, can be 
])rovideil in the gear-box. The Archimedes•out-ljoard motor is luiwlc 
in two sizes, 2 horse-]tower and 5 horse-power, the latti*r size being 
])articular]v inteinh'd fot small sailing-vachts. In this case the 
<‘om]»h‘te equipment can be detaebed wdien tin; yaelit is under sail, 
and tlie usual objection to auxiliary motors, iiamely, the drag of the 
])ropellej‘, is tlicrefort; nunoved. The vibration cau.sed by some of the 
singlc-eyliiidcred (uit-board motors, besides being most objectionabife' 
to tlie oeeupants, may be dangerous to the #strueture pi the boat 
itself, wliich, as a general iiile, has not been buijt to withstand 
sevme A’ibration. 

The Bessemer Engine. —The Bessemer engine, shown in 
figs. 118 and 1 11), is a two-evelc gas-(‘nginc of a somewbat»diffi*rent 
type from any that have been described so far. In this pugine, the 
friHit si(h; of the power piston is employed as a scavenging piston, 
but instead of totally enclosing the cinnkeas?, the fyont end of the 
cylinder is closed, and a ])iston-iod^ and cross-liead em})h)ycd. 'This 
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reduces the cleaiance losses, as compared witJi (uankcase s(;a^'cngillg, 
and also permits of the free lubrication of the cranksliaft and con- 
nectiiig-rod bearings; })ut it is opeji to tlie serious objection th.-it, 
with reduction of tlie clearance, the compression of the cliarge before 
the inlet ports ojjen is propoitionately increased, and since tlie 
compressed gases are afte,r\vai*ds rcileased into the cylinder, when the 
inlet ports are uncovered, the work done upon them represents a 
dead loss, lienee, not only ai-e the Huid losses incrcvised, but the 
high velocity with which tlu‘ ehdrge enters the cylinder, due to 
its high initial eompi-ession, increases the degree between 



the incoming gases and the exhaust, and makes regular running on 
flight loads impossible. 

To illustratci this, let us supjiose that tin*, chiai-ancc in front of 
the piston, when the latter is at the end of the stroke, is just e«jual 
to the swept volume; then the gases will be compressed into half 
fjieir initial volume, and thek- pressure raised to 

(■2^'' (V \A T) — 14‘7 = 24 11). ])ei‘sijuarf^ inch, 

assuming adiabatic compression. The jiressuri; in the cylindei’, at 
the time of the opening of the inlet ports, will j)robably be in the 
neighbourhood of 53 lb. per sejuan; inch, and the gases will (*nter 
with a 'v'elvcity conesj)ending to this ])ressure ditler«mce. The mean 
pressure ou the front of' the piston dui ing the com])ression stroke 
\\;ill amount to abc^ut'lO lb,,per s(j[uare inch, plus about 1 lb. ])er 
s<piare inch during the suction sfroke, and, taking the moan ])rcssure 





Kig. Ilf.—behst-iiier Knginc 








304 


THE INTERNAL-COMBUSTION ENGINE 



of the expansion stroke at (JO lb. per scpiare inch, it will be seen that 
tlie fluid losses on the delivery stroke amount to 1 8 per cent of the 
indicated horse-power. If tlie cleaianct' is increased, the. negative 
work will be diniiijishe<l; but the pioportion of charge that enters 
the cyliudeV will also be diininisbed, owing to the greater clearance 
losses, and tlie sjieeitie power of the engine reduced. 

With this airangeinent of scavenging it is necessary to ari ive 
at some compromise between the low specific power of the engine 
on the one liand, and the high Muid lossi's on the other. In so 
far as fuel consumption and tlicrmal efficiemey are concerned, this 

.engine is probably worse 
than the ordinary crankcase 
sc.'vji’cnging type, for the high 
vclocitt^ of the gases entering 
th(‘ Iwliuder will probably 
tend to increase tlie loss 
throngh tin' exhaust ports, 
and the fluid lossi's, as already 
shown, are greater. 'Phe in- 
dic.'itor diagrams shown in 
fig. 1*20, v'cre taken from a 
single-cvlinder Bessemer en- 
gine (d IG-iu. bore,and 20-in. 
stroke, developing 80 B.Tf.P. 
at 180 IbP..M., and limning 
‘ . on natural gas, which in most 

of its characteristics is akin to petrol vapour. The full-load diagram 
is similar to that of the Day engine, and shows a mean eHective 
pressure ol ()2 lb. per M|uaie inch, corresponding to an indicated 
horse-power of 112. The mechanical efficiency is. therefore, 71 per 
cent, and since tlie frictional losses in an engine of tliis size, using a 
separate cross-head and running at a piston speed of only GOO It. per 
minute, wdll. probabl^y not exceed G lb. per square inch, the fluid 
losses b^cocne 19 per cent, which is jibout what one would expect. 

From e.\an^iination„of the half-load diagram it will be semi that 
this bears all the evidence of retaide/1 oombustion, due jirobably to 
the com^jletcVliffusion of the fresh charge, and exhaust gases in the 
cylinder. ^ It would ,seem that if the charge were still further 
reduced,combustion wo'uld' either not take place at all, and,the 
engine would i“ four-cycle”, or w*ould be so far delayed as to ignite 
the ‘next charge on* entry. 



Fig. 120. -Iiidieiirot 1 •ijigram'.. r.i-,s.semci Engine 
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As showing the influence of stratification, it is interesting to 
compare this diagifim witl) the half-load diagram taken from the 
Kicardo ejigine. If we examine tlie ineclianieal features it will be 
f)bserved that, on the outward stioke, gas and air are drawn into 
the (dearance space in front of tlie piston through’ the small 
spring-loaded po[)pet valve, which also serves as the mixing valve. 
'Hie valve seating is flat and \erv wide, and has a ring of small 
holes drilled all round the fac(‘. Air enters through tin* (centre of 
the seating, and gas througli the small holes, tlie exact proportion 
Iteing governed 1 >y the number and size of the latter. By this 
m(*anji the single admission valve scl'ves also as the mixing and 
proportioning valve. Tin? mixture so foi-med is very thorough, 
since the air has to pass'*over the seating at a high vcdocity, and 
in so dopig meets a large number (tf jets of gas issuing fivun the 
small gas inlet holes. « From the valve, the mixed gases enter the 
annular chamber surrounding the front portion of the cylinder, 
and also tlie front ]wirt of tlui cylinder itself, the purpose of the 
annular c-haiuber being merely to increase the clearance space. 

The head of the pisttui is made unusually thick in older to 
conduct the lieat fiTun the centre aa’ay to the cylinder walls as 
ru])idly as jiossible; -,in this respect the use of a piston-rod ^’ery 
greatly assists in tlie withdrawal of heat from the centre porlhui 
f*r the piston. A defh'ctor of a tyjx; smuewhat similar to that 
us(“d on the Day engine is ])rovided on the. lu'ad of the pistfui, to 
jirevent short-cireuitiug through the c.xhau.st jmrts. 'flic cylinder 
is cast ill one piece witli the water-jacket, and no separate liner 
is cm])loycMl. Idu* cylinder-head is a ])lain dome-shaped ca.sting 
ol the simpli'st possible design, and there are no valves or valve 
ports to complicati' the casting, oi‘ interfere with the free eircula- 
tion of tlie cooliiig-watei-. Tlie only passage' through the (-over 
is tlie small hole required for the ignition plug which is fitted 
m the ceiitri'. Such a combustion head as this is sinqde to cast, 
and should lie ve'vv free from internal stres^'os dm; to casting, or 


to tem])(‘rature dillereiKU's in working, for the thiekm*ss df the iiiiigr 
wall can be almost uiiiforni. The employment of an external and 
fidjustable cross-head, in a']>esitioJi where it can be kept cool and 
freely lubricated, will make for higher lueehauieal ehicie.ucy, besides 
reducing the wear on the cylinder walls. This is an ,.iin|Ktrtant 
C()irsid(‘vation in engines as large as 80 horso-power pe'i cylinder 
mid ('uiployincf no si'parate liner, though in this case* it must be ad¬ 
mitted tliat the cvlinder is such a sinqile casting, and requirc's so 


Viii,. 
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machine work, tliat it is probaljly jj early as cheap to renew 
it entirely as to renew the liner of other engines. 

A stutiing-gland is provided where the. piston-rod j)asses through 
the front end of the e^ lindei-. 1'his gland is exj)os<‘d only to the. 
pressure in*'the front end, which is eoinparatively low, and is not 
subjected to any very high tein])eratnres, so that little troul>le need 
be anticipated from this source. The. engine throughout is designed 
for rough work with very little skilled attention, and in ('ases where 
find is abundant and ehea]) it pndmbly (ullils its pur])ose admii’ably. 
It is very exten.sively used in America, (‘.specially in th(‘ natural-gas 
uiid oil lields, for such ])ur]>('/,scs as pum]»ing, air-coni])i‘e.ssing, and 
other contracting work. Its low first cost and extreme simplicity 
make it suitable for all juirpo.ses whefe power is rei^uired for 
temporary purposes. 

The ‘author has seen a v(uy, lai-ge nuinber of the.se engines at 
Avork in the zinc and lead mines in Uklahoma and Mi.ssouri, IJ.S.A., 
using natural gas having a lower (‘aloj-ilic valia* of about llfiO B.T.U.s 
per cubic foot. They arc also extcn:^ive1y u.mmI for ])um])ing oil from 
tlu' oil AAxdks in America, u.sing "casing head” gas, Avhich con.sists 
laigely of methane, and has a calorilic valiu* of fj'om lOOU to 1 100 
B.d'.L'.s ]iei- cubic, foot. For this jmrpo.sc, a .singh'-cylinder engine 
of from 30 to 40 hoj-.se-poAver is generally used, and llie fuel con- 
.sum'ption is said to average about 18 cu. ft. ]»er IJ.II.F. houi‘, 
con-esjjonding to a brake thermal ettieiency of from 12’7 jier cent to 
14 per cent. The ("onipany state that, during the la.st fifteen years, 
B(‘,s.semer gas- and oil-engines of an aggi(*gate. hor.se-power of over 
400,000 havci been supplied, in powers ranging from 8 horsc-pow^er 
Ao 80 horse-pOAA’ci’ jier cylinder. 


SUMMAllY OF T\VO-CVCl.,E ENOTNE DESION 


' Ikifore IcaAdng the subject of two-cycle engines it would be well 
to sum up, tke^main ^conditions which appear to be es.s(*,ntial to th(‘ 
success of rf twf)-{;ycle gas- oi' petrol-engine. In the fir.st jiart of this 
A’olume the different methods of scavenging liaA^e been describiMl, 
and later, ]»rac.ti(;al examples of engines fising each of the.se. methods 
have bedn dealt with. 

(sy'Tlyi fii'st condition is that the (juantity of fuel lost through 
th(i exhavst ports shall 'l)e reduced to a minimum. To effect this, 
tt'ther ]jnmar}' and .^\;(;onda,iy air S(^ave.nging mu.st be employed, 
or particular care must be take,n to ju-event diffusion between the 
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iiKjomiug charge and the exhaust gases. (2) In order to permit 
of regular running under varying loads, means must be provided 
vvlien'by a small proportion of pure uncontaminated fresh charge is 
always ju’esent in tlui vicinity of the igniter. (3) In order to enable 
tlie engine to eoni])ete commercially, the cost and weigfit per horse- 
p()W(M- must be less than that of a four-cycle engine, to balance 
the supeiior tbennal elticaency of the latter. This means that 
high sj)ecific power must l)e obtained from a given size of cylinder. 
( 4 ) The engine must be mpchanically simple, and free from compli- 
<*atcd castings, especially if the lattei- arc exposed to the heat of 

<‘ombustion. • • 

• ^ * 

Stratification. — 1. It is evident that whether air scavenging 
In' emphni^d or not, str{rt:ification .should always be aimed at. if 
it )>e !■ 
ill a ] 

of, 0 ]' diffusion with, tlie exhaust gases, then it is cl(*ar that one 
volume air will cxjiel and e.\actly icjjlace a similar volume 
of cxluiust gascis, and that ifo air will pass out of the exhaust 
])orts until the whole of the products of combustion tire expelled. 

the other hand, if the aii' is, ms it enters, completely auH 
instantaneously mijed with the exhaust gases, the formula 
,*■ = 1 — holds, where y is the charg(‘. admitted and x that 
lelaiiied. • This, for one cylinder volume of charge gives G3’5 per 
cent of air retained in the cylinder. In piuctiee, of course, 
uoitlicr of these conditions obtain, but tin' aim of the designer 
should alwais be to approach tlj,e first • condition as nearljj as 
jio-sil lie. 


iupposed that the incoming air ^msses down the aylmdcr 
lerfectly straliiieil form, .‘pnl that there is no admixture 


'fo obtain good stiutiVieation it is necessary (1) that the enterii^g 
i hai'ge .shall be. free from disturbing (iddies, and shall pass down 
the cylinder at as low a vi'loirity as jiossible. To effect this, the 
eontouj- of the cylinder walls should be made to follow the natural 
stream lines of the entering fluid aw neai-ly as jjossible. Further,’ 
to ])revent the charge entering at a high v<docitjj;, -it, should not. 
be jueviousl;^ eomjire.s.sed t<* a higher pre.ssure tlu^n ft »bsolut<jly 
ncc.e.'.s.sary to overcome the exhaust bae.k-pBessun*; that is to say, 
the lelative movements of the pumping and power justons should 
be such that the air is not delivered from the pump cylindf-r befori*, 
or at a greater rate than, it can enter tho Avoi'ldug cyjinder, and 
receivers should not be employed. • • 

( 2 ) It is tiecessary that the release.of the I'xhaust gases shall uot 
be too .sudden, oi- the gases remaining in the cylinder will be' sub- 
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jected to violent disturbauees and eddies. For this reason the 
exhaust ports sliould not be too hir^e, and should l)e tapered, 
so tliat their opening is gradual. These conditions, while making 
for good stratification, do not make for rapid or comi)l('tc‘ com¬ 
bustion, for the gases will b(‘ in a state of stagnation during the 
comprc'ssion stroke. To obviate this, and to produce \ioh‘nt 
turbulence in the gases at the time of ignition, the author favours 
the use of a small auxiliary igniting <'haniber. This may be 
charged with fresh gases, either 'by deflecting a portion of the 
main charge into it, *or by cltarging it separately during the early 
, part of the compression stroke. If /he gas in this chamber be 
ignited, it will, owing to its rapid rise of pressure, penetrate the 
main body of the charge at a high velocify, producing violent tur¬ 
bulence in the gases, and igniting them at the. same time. 

It is •evident that if perfect .stratificatioiv were obtainable there 
would be no gain Avhatever in using sejjarate air s(iavenging. It 
is because perfect stratification is apparently unattainable that air 
scavenging is emjdoyed. When scavenging Avith combustible mix- 
tui-e there is alwavs a certain loss of unburnt gas through the 
exhaust, but Avith' careful aivention to the (‘.ondithms governing 
stratification this can be I'educed to a ri'asonahlA" small ])ropor- 
tion. provided that the quantity of mixture admitted is not too 
great. The authrtr has found that. Avith careful d(;sign. llu* loss of 
unburnt gas is almost negligible u]» to indicated mean ])ressuies 
of _a])OUt <0 to 80 lb. pej- stpiare inch Avhen using j)etrol as fuel. 
AbcA’e this, how(‘V(‘r, it')i(*gins.to be a])par(‘nt, and at 100 lb. ])er 
square inch the loss is serious. Foi’ high mean prcssui-(‘s, therefore, 
i,t wouhl probably be best to use air scaAenging, since, by that means 
tlie weight of air that can be retained in t!i(‘ cylinder Avithout loss of 
fuel is greater. But it must be i-mncmbered that the use* of air 
scavenging will inci-ease the frictional and fluiti losses to a Aa-ry 
large cxt(‘nt, and the mechanical efficiency, ('specially at the lighter 
loads. Avill be‘rvdu(‘e(k, so that the brake tlu'rmal efficiency may be 
11 ( 4 ' higlu'r. ‘ luj the case of small engirics the author has found that 
sepaiate ail- scavenging’acdually lowers the luake thermal efficiency, 
the ditferenc(;J)cing A'cry slight at full'load, but very mark(.'d indeed 
at or b(‘IT!)w half load. 

Condition 2, regulnr riipning on light loads, can be met by 
good stratification, and sVi ])lacing the igniter that it is always sur- 
reunded by cot'npavatively ])i>re combustible, mixture., This a^ipears 
at first sight to be sinqile, but is.not easily accomplished; in practice 
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it is pr()ba])ly best to place tlic igniter in a separate chamber, as 
described above. 

Condition 3, liigli specific power, can only be met l)y careful 
attention to scavenging, so that the greatest possible A^eight of aii- 
<*an be forced into the cylinder, with the minimum of both friction 
‘and fluid losses, and of mechanic.al complications. 

Condition 4, mechanical simplicity, is probably l)est met.by using 
the inverted U type of cylindei-. Engines like the Korting involve 
th<* nse of complicated cyliraier cov^ers of considerable thickness and 
unsymmetrical slu^)e; sucli covers are liable fo fracture owing to 
irregular expansion. 

In constant-pressure two-cycle engines, such as the Diesel or 
Semi-Diesel, the proljlem of scavejiging is vci'y much simplified, 
siiKJC the, fuel is not adijiitted until the completion of the c.oinpres- 
sifui strokt!, and the coiltrol both of speed and power is carried out 
by varying the tpiantity of liquid fuel adniitt(‘d, Avithout any altei'a- 
tion to tlic scavenging. In these engines, all that is required is 
that tlie cylindei' shall, at each 'rcA’^olution, be chai'ged Avith as great 
a weight of pure air as ])Ossil)Je, and that this shall be done with the, 
minimum expenditure of power. 1’ht? (quantity o*f air taken in is at 
all times the same [w*r stroke, and is generally independent of the 
]H)wer or speed of the engine, though it Avould be. desii'alile on. tin; 
score of mechanical etiiciency to I'educc the quantity of air on light 
loads. All that has been said Avith regard to stratification and 
<litfiision applies to these engines also, though in a lesser degire, 
while on tlie other hand turbulence is of eA'on greater imi^jr- 
tance. 

1’here certainly seems to lie a future before the tAVQ-cycle engim^ 
if iiK'ans (tan be found to reduce the fluid and friction losses and 


increase the spctcific poAver. ly large plants, esjiecdally of blowing- 
engines, the air-scaATiiging' pumps could be abolished, and their 
cxjicnse and frichion saA^ed, by scaA^'iiging the cylinders Avith air 
fi'oni the main deliA'ery pipes of. the blowing-t\ibs, o%' from a single 
large turbo-blower. This could serve all the engines|in onh ])Owe.r- 
house, and its etiiciency AA’ould be very much highei- and first cost 
lower than if each engine wefe fitted with se])a)ate jmnips, but in 
this (tase some, means AA^ould have to })e found for distribuDng the 
air equally to all the cylinders. Such,a bldwer, combiiped Avltli a 


Rt(‘{fm turbine, might easily be driven by low-^iressure ste.'fln, gener¬ 
ated from exhaust boilers. The heat otherwise k)st to the exlniu^ 
might thus be utilized to perform the Avhole of the air scaA^enging, 
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ami so effect a saving of fluid and friction losses amounting to some 
7 or 8 per cent of the total indicated horse power. 

TJie specific jiowcr can best be ima eased by increasing the weight 
of air prese.ut in the cylinder when compression commences. This 
may be accomiilished either by cooling the air before it enters the 
cylinder, and so increasing tlu* weight of a given volume, or by 
throttling the exhaust, and so raising the j^vessures throughout the 
whole system. Experiments carried out b}^ Prof(‘s.sor Jankers on a 
huge Occhelhauscr engine at .Iloerih', Whstplialia, in which an inter¬ 
cooler was tittofl between the jmmp cylinder and Vhe pow’cr cylinder, 
gave ver\' satisfactory'results. By cooling the seavcuiging air from 
E. down to 77 F., tlie output of th(‘ engine was increased from 
1190 to 1()0 horse-}1ower. an increase of neaiJ}' 20 ]>cr cent in the 
specific jtower. The increase of weight of a»given volume (T air due 
to this diffcrc'nce of temj)eratu]'e,'‘would be i'ii the proportion of GS3 
to 508, or slightly OA’cr 20 per cent, .so that the .specific p()WTr vari(‘d 
directly in ju-oportion to the weight of air admitted; Avhieh is as 
might b(‘, cx]>ected if all otiier (‘onditions remaiiu'd the .same. It 
.is reported "that this increase of jaowcj- was obtained witliout any 
increa.se in the Avork of the;, pump, or in the total amovnt f)f heat 
eari’icd a\A'ay by the cooling Avatei-. That the total rjuantitv of 
heat carried away by the jackets Avas not increase<l is (juite 
j)Ossible, for. although the (|uantitv of heat Avas inei<‘a.sed l)y 
20 ]»er cent, the temperatures throughout the whole* cA’cIe Avere 
rc'^Kced. • The* .second metliod of ineri'asiiig the; s])eeific petAAcr, 
nafiiely ley throttling tJje exhaust, has also been the subject of a 
great majjy experiments caiJ'ie.d out by Frofcs.sor Junkers. It is 
<'vid(‘nt that if the exhaust be ,so thiottled that the back-pressuie 
amounts to. say. 1 atmo.sphere, and if the .same volume of air be 
pre.sent in the cylinder, the pre.s.sures.throughout the Avhole eyeh* Avill 
1^(‘ doubled AA'ithout any increa.se in temperature, and con.secjuently the 
.specific power of the engine Avill be doubled, while tlu* ]»ro})ortionate 
heat loss a’lid •mechanical friction will be rediu-ed. On the other 
bund, till': Avorlj on the ptimp Avill be greatly increased, owing to the 
greater back-pre.s.sure. ' The net result is that the indicated theinud 
eflic.iene.^^ remains much about the .sa'me, but, OAving to the greater 
jjroportionate AAork on the ])um]), the brake thermal eflhuency is 
lower than Avhen Avorlting under normal conditions. 

The indicator diagrams illustrated in fig. 121, and .shqAvn super- 
ifnpo.sed, wcre/takv'iq tin* .smrtller at normal full load,* and the laiger 
Avlieii the exhaust was so far throttled as to raise the pressures by 
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about 50 j)(*r cent. In tliis latter diugrum the mean effective jjressure 
is no less than 220 lb. jier square inch, a truly remarkable result, 
'fliis system of supercharging, combined with inter-cooling, seems 
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to be (he most ]>romising nietlio<l of increasing tin* speititie power of 
two-eyele engines. l>nt the s;nn<‘ result can be ftecomplishcd in thb 
ease of j’uiir-cyeJe engines even more a(.f\ antageoiisly. 



CHAPTER XXI 


SOME TYPICAL HORIZONTAL ENGINES 

I 

i 

t 

Altliougli tlic oi’diiuiiT gas-engine was t]ii‘ eArlii'st, and is still 
• the best-known fomi of internal-eoinh'ustion engine, yet it ir, not 
proposed to give up a great deal of sjiaee to the eonsidei'ation of this 
type, partly beeausd it has alreail} beini dealt with at considerable 
length,' and iiartly beeayse it is I’apidly .losing its pi’i'doininant 
position,‘owing to the severe ertnijx'tition hoin electiieity in the 
smaller powers, and from steam and Diesel and other oil-engiin's 
in tlie larger. Tlie gas-engiiu's in use at the present tiiin^ may be 
divided into three classes:- 

• 1. Small engines u]) to about 30 horse-jiower, used for general 
utility purposes, and generally supplied with town oi* illuminating 
gas. 

li. ]\'I(‘dium-sized engines of from 20 to 500 horse-])ower, gener¬ 
ally used for sho[»-di-iving and foi' generating electricity in small 
outlying plants. 

•3. Jiarge engines of from 500 to 5000 horse-])ower, using waste 
gases such as blast-furnace or coke-oven gas, and employed either 
for geneiTiting electrieitv oi’ blowing blast-fuiTiaees. 

* % * , ^ 

Small engines of the first class an* used principally for general 
.shoj)-driviiig, and have to competi* with electricity for this 
])urpose. Electricity can gen(*rally be purcJiased for small-jiowei- 
j)ur])Oses at, approximately, 1»/. pei- unit, which is equal to about 
0’88r/. ])ci- jio-rsy-powftr hour. A small gas-engine below 00 liorse- 
pq,wei' will (’ons^ume on the average abcr.it 12,000 B.T.U.s per horse- 
pow’cr hour, with vaiwing loads, wiiieh is eijuivaleiit to about 
20 eu. ft. of ^iverage illuminating gais. ‘ AVith gas at 2s. G(/. per 
1000 cu.'ft., therefore, the cost of fuel amounts to jier horsi*- 
pow'cr lloui;, but the ch'cti'ic motor has the advantage that its initial 
cost is lower, it occujiies* less space, and the cost of upkeep alsiy is 
lower. Moreover, ^since it is^much easier to start, jiml generally 
very'much handier, the stand-by losses arc less. Taking all these 
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points into cbnsideiatioii, tlie electric motor is generally to be 
preferred, and, with tlie rapid sprea<l of edieap electricity throughout 
the country, the scope of the small gas-engine using illuminating 
gas is being narrowed down. It 7nay be that the gas conijjanies 
will see lit to sujjply gas suitabh' for power purposes at a much 
lower rate, as they jwobably could do; l)ut, unless this happens, 
tlie small gas-engine is in danger of lieing driven off the market liy 
its competitor, the electric, motor. 

In addition to tlu' electric motor, it has to compete with the 
semi-Diesel type <if oil-engine, using residual oil. 8uch engines, in 
nornjal ojieration and on \arying ^"ioads, consume about 10,000. 
D.T.U.s per brake liorsc-powei- pei- hour. With I'csidual oil at, say, 
70.V. ])er ton, tlu' cost of fuel works out at only 0‘2f/. per horse- 
jiowei' hour, liul such engines require heating up at stai ting, and 
an-, generally speaking, le.ss handy than gas-engines. -Their in¬ 
fluence has not, as }'et, been very severely felt; but there is little 
doubt that when this tyjie of engim* becomes better known and 
understood, there will be but limited scope for the ordinary gas- 
engine u.sing illuminating gas. • 

The larger class of gas-cuigine, enqdoyiiig ‘producer-gas nuufe 
from coke, or anthiyicite, bituminous coal, wood refuse, &c., forms 
the cheapest source of jiower in existence. With coal at 16*'. per 
ton, the cost of power is onl}' O'lOr?. per horse-power hour, based 
on a consumption of i'17 lb. of coal p<‘r B.II.P. hour, which is a fair 
allowance. On the sc.ore of fmd economy, the producer^gas engine 
has nothing to fear from cither tlje steam-, the Diesel enginti, or 
the electiic motor. 


Dnfortuuatelv, how(‘ver, gas-])rodu(iers are in themselves a source 
of weaknt'ss. Both tin*, producer itself and the gas-cleaning appa¬ 
ratus require very cai'cful supervision, if successful results are to be 
obtained from cheap bituminous coal. Compared with an avei'age 
steam plant of e<]ual ca2)acity and medium ])ower, the gas-engih(‘ 
using producer-gas consumes less than one-third the^i|Haiitity of fuel, 
bur it lacks the flexibility and ivservc capacity of t^ie fttwim plajit. 
Com|)arcd with electricity, the cost is al>out one-sixth, and compared 
with the ].)iesel engine i\ iw half. It would seem^ that tlicjc is 
a considerable futiu'c Ijefore the gas-engine and produt*-er-p]ant, 
not only for m(‘dium l)Ut also for comp{U'ativ*‘ly large powers* if only 
tlie troubles which at present are experieifced with bituminous coal 
produ<*,ers can, lie eliminated. ^ ^ * • 

In large producer-gas plants of over lOOd^ liorse-jMnver it* pays 
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to instal .‘immonia recovery plant for the production of sulphate of 
ammonia, and since this by-product has a very high, though 
fluctuating, market value, the cost of generating power can still 
further Ixi i-educed. 

I 

'Fhe huger types of gas-engines using waste gases have been 
very extensively developed on the Continent, and especially in 
(lermany. I’hey are employed either for generating electricity oi- for 
blowing blast-furnaces, and their use is generaII 3 " restricted to iron 
and steel works and coke-oven phlnts; tin all of which cas(*,s waste 
gases art' plentiful. ' I'hev Iuia'c, of course, to Ibce a sc'.vere com- 
])etition from steam, fgr slean'i^ is nowjvery efficient for high-power 
out[)nts, and its efliciency has lieen (uiormoush" increased lately by 
tlie introduction of exhaust steam-tiirbifu'S, ^uniflow engines, and 
other iiiotlern developments. The steain-encinc, moreover,,has cer¬ 
tain ujarked advantages wliich give it a vei}'sn))stantial superiority 
oNCi- the gas-euiiine, tlie <-hief of which is its capacity for dealing 
with tem]io]-arv overloads, and its flexildlity generally. 

Unless tl>e large gas-engine can show a more' marked su])eriority 
over steam vlian it is able to do at present, it is open to doubt 
whether this ty]>e'of prime^ fiiovor will survive. There; are indi¬ 
cations, howexer. that l>oth the ovcidoad ca])aci.r 3 ^ and the eflicienc 3 ’' 
of large gas-eugiiuis maN be imjwoveal by tin*, application of super¬ 
charging, and th(‘ more* exten.sive use which is b(*ing nuldc of the 
heat e)f the (‘xhaust ga.ses for steam-raising, &c.. 

'bhe tljeoreth'al con.siderations influencing the d(*sigu of gas- 
(uigcnes have already b6en dim ussed in the first volume, and it 
remains oid 3 ’ to investigate a few typical exam})lea of each of the 
I^^-iding tt’pes of engine now on the ma7-ke{, and to d(‘Vote a certain 
amount of consideration to the question of goveriiing and speed- 
con tiol. 

The Crossley Engine. -AVith jcgard tf> the smaller typos 
of’ gas-engines using town gas, these liave settJ(‘d down to what 
mav bo dcrcnlj^'d as* a .standard design, and there is very little 
<lifl(‘renc(» bctwpuj the engines inarlc bv tlie Aarious manufacturers 
i]i England aiid abroad. Tin*. (Jro.sslev engine shown in figs. 122 
and 123 may J>e regarded as t 3 q)ical M this cla.ss. The mechanical 
features ^all for verv little corainont. The cylinder-jachets and bed- 
]jlate *al‘e ^^a.st in one*' piocf, foiining a Aa*i-\' rigid construction. 
Fy this means the bedrings for the side- or camshaf^ can 'be 
mounted uporUthq .sale of tjie bedplate, leaA'ing the breech-end 
fro('. ‘ This is a T)oint of o.onsid*Mable ru-actical im'portancc, for it 
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is iieceSisary to j-emove hikI clean out the breedi-eiuls from time 
to time, and tliis operation is a very tiresome one ^vllen the eam- 



I'm. 1^.—'I’yjir of Stniil] Oas-iMiginc (Orossloy) 

• • • 

shaft is carried in bearings attaclnal to it. Pi'actically all lirst-dass 
ga.s-(‘iigin('s are now .•^o de- ^ 

siuiied that the l>reech-eijd 

he rc'inoved without dis- ^ Fg / ^V— • ■ 

tiirbiiio the eanisli.aft or anv 

1 ' 1 • " I patcnt r r *» 

olli»*r gear, except IJie pi]»e- SiTiN nM \ \\ * 

ennections. The cylinder- iV. 

liner is bolt(‘d to tJie brei'ch- If %V \ J 

end or combustion chainbiu', I A 

and passes through a cyJin- W ff / 

dricid hole, bored out at the u i ul / 

front end of tJie, AVjiler-jiicket. * (v/ _— 

Tile liner at this [loint is a H • ' •! 

tr(“e, sliding lit in the jack('t» i ^ y * 

and l(*akage of water is ])re- 

Vented by means of one’ o/ Q - 

nion* rublier rings fitted into rig. i-'-'i.- socticm tinounh i ill'ccil-ollll. t'rossloj OiiS- 
grooves turned in the liner, , * 'utmo- ^ • . 

and aetyig practically as piston-rings. This form of j<*int is now 
almost univorsally employed, and ^s extrennjly Satisfactory. • It 
allows the liner to e.xpand freely, and is perfectly watertight. 
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The craiiksliaft is Tuouiit(Ml on bearings, the lower half of which 
form an integral part of the b(‘(lplat(‘. The bearing-surfaces are 
usually of white metal, but in the small sizes a special mixture 
of phosphor-bronze is frequently employed. Ring lu]>ri(;ation is 
relied upon, and it would be difficult to suggest any inq)rovement 
upon this system, which is admirably simple and efficient in i-ases 
where the bearing-loads and speeds are not too severe. The con- 
neetiug-i’od big-end bearings are lubricated by means of w'ick- 
lubricators in the verv smalle.st efiginesi and 1)V means of centri- 
fugal- or “ l)anjo’’-lubricators in the lai’gei- sizes, •d’hesc ccmti'ifuga]- 
.lubricators are fi'd by .a separjite sighV-l'eed lubricator, winch, can, 
of course, be replenished while the engine is running. ’I’he jiistons 
ar(‘ of cast iron, and are very long and heavy. Ev(m a( the low 
S})eed at Avliich these engines run, they inu.st have a pie judicial 
eti’ect upon the mechanical effi«i(Micy. They are very carefully 
fitted to the liners, and the cleai’ance allowed below the rings is 
extremelv small. 

4/ # 

The pistons and cylinder-w.-dls aVe lubricatc'd ly means of an 
oil-pump, operated fi-om a cam on the shh'-shaft, and the gudgc'oii- 
pin receives its supply of oil ‘from the .same source, suityble ducts 
lieing provided to lead a portion of the oil scrapod fioni the cylindei- 
walls to the gudgeon-jiin. The gudgeon-pin bearings .are ol' jihosplior- 
bronze, imule in two halves, and are adjii.stable like tiic crank- 
]iin bearings. The author considers that this is unneca^ssary in 
the smallei; sizes of (‘ngines. The })rovision of adjustable 1 Mailings 
invidves a considerable increase .in the cost, and, worse, still, in thii 
reciprocating weights, as compared with a plain bronze lining or 
bush. It is neces.sary, in any c.ase, to withdraw the connecting-rod 
and piston in order to make any adjustment, and in these circum¬ 
stances it is quite as easy to replace a,worn bush with a ik'w one, as 
it is to adjust a .split bearing. The gudgeon-pins are of mild steel, 
case-hardened, and ground to J?ize, and under normal circumstances 
they show very httle tendency to wear, but .such wear as <loes occur 
is very lo(jal,'owpig to the .small angle through which the connecting- 
rods o.scillate. Hence, Tt cannot be taken u[) by any adjustimuit of 
the bearings, bpt the pin mu.st be either- re-ground or rejdaced. 

Tl'ic bVeech-end is a single casting, comjiletc witli its watcr-j.acket; 
and tllofigLin the large'.- size^ this piece is always a .sourci* of weak- 
ne.ss, in engines up to 30 Horse-power ])er cylinder it does nof ])res(‘lit 
the. least difficulty. , Two val\-^.s only are employed, one for the ad- 
mi.s.si6u of both gas and air which ha\-c 73reviously been mixed, and 
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uiK' for the exhaust. Both vah'es are vertical, and the inlet is pro¬ 
vided with a detacliahlc seating so that it can be easily removed. At 
the same time, the exhaust valve can be withdrawn throngli the 
(►]>eiiiii.iLii; left by the inlet-valve seating. The inlet valve is slightly 
larger than the exhaust, as indeed it shouhl be. Both valves are 
ineehanically operated, through the iu(;dium of rocking levcj-s from 
t Im' cams on the horizontal side-shaft. The side-shaft runs alongside 
and slightly below the centre-line of the cylinders. It is carried 
in ring-oiled bearings moimted (»n the. side, of the bedplate, and is 
driven from the eivink.shaft by means of spiral gearing, with a speed 
redue.tion of 12 : 1. Besides i'ln^ cams* for operating the valves, the 
side-shaft also drives the governor, the magneto for ignition, and 
the lubricator for the 
piston. In the smal lest 
sizes of (h’os.sley en¬ 
gine, governing is 
(•fleeted by hit and 
miss, in which ea.se a 
•separate gas valve is, 
o" cour.se,^ used ope- 
lated by means rjf 
a .se])arate earn and 
roeking lt*ver. The 
end of the roeking 
lever is provided with a ehi.sel edge, which engages with the gas 
\ahe through the medium of a sli^ling block, between the cncC of 
the valve .stem and the “ ])eeker ”. So long as the block is in 
its normal position, the chisel edge of the “peekei'’' engages a 
groove in the block, and so opens the valve; immediately the 
speed is increased above the normal, the governor I'ai.ses the block 
out of reach of the “ pecker”, and the valve lemains cIo.schI. 

In all the larger sizes of Crossh‘y engint's, fj-om about G horse¬ 
power upwards, (juantitati\ e governing is empiloyed., Jri -size-s rang¬ 
ing from 7 to about 30 horfo-power an automatic niixhig valve ,is 
used, and the governor acts uj)on a. butterfly throttJe vah’e, which 
regulates the sup])ly of ihixl^ure delivered to the cylinders. I'lie 
type of mixing valve em])loyed is illustrated in fig. 124, which also 
shows tlu^ governor and throttle valve. Air enters tjn^rngh an 
air-silencer, and j>ass(>s thence b}" a passage (not shown in the 
diagram) to the .s])ace below the air-di.sk. Ti'iis disk* is mounted pn 
a spindle, wdiic.h also carries the gas-admission valve and a .<<mall 
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(lampei’-pistoii to prevent it from fluttering. The suction of the 
engine lifts the disk, and with it tlie gas valve, so that both 
gas and air enter tlie tlirottle chamber. It will be noti(;ed that the 
air is drawn ])ast the gas-admission port at a higli velocity, in order 
tliat it shall thoroughly mix with tlie gas. The inoportion of gas 
to air is regulated by the proportional diameters of the air-disk and 
gas valve. The whole ari'angemont is ^ery simple, and has the 
advantage that, should the engine stop from any aeeadental cause, 
the gas valve will imnu'diately and automatically close, and thus 
an}' esea])e of gas will be prevented. « 

.\nother h’aturi* worth notiehig is‘that the aii- has considerably 
farther to travel than the .gas. This is imjioitant, because, when 
the main inlet vah'e of the engine closes,' theie is always a nioimm- 
tary reversal in the direction of flow of the ’fluid in the iiidiKition 
])i]>e, and a ceitain propoition \Yill Idow luuvk and esea])e into the 
atmosphere before the mixing valve has time to close. By making 
the air-passages longer than the gas, whatever is lost in this 
mannei' will be air, and not gas. For running on })etrol,'the same 
mixing valve is employed, the only modifi<-atioji ludng that tin* gas 
valve is replaced by a taju'red** neialle, which j(‘gulates the su])plv of 
petrol from a small jet. 

This engine may be taken as lepresentative of tin* smallei’ typers 
of gas-engiiies as made by nearly all makers in this countiy and 
abi'oad. Such varitUy as exists is to be found only in the govermu’ 
gearing, and in quite secondary ]ne<-hanical details. 'I’he whohi 
desiign of gas-engines oh this I'kiss has become pi acticall}’ standard¬ 
ized. Qualitative' governing is never employed f)n thc'se* small 
engines, and the choice lies between (ihantitative or “hit and 
miss”; but the latter, on account of the irregular turning moveunent, 
is now 1 ‘apidly d} ing out. 

The following te.st figures have becui obtained from a small Cross- 
ley gas-engine of 25 when running at a spet'd of 2(i0 ll.B.M.. 

and u.sijig t/)wn,gas having a lower ealorilic value of .540 B.T. Lbs per 
cubic foot:-^ , • 




30 

H-n 


Oas ('onsumption ; ,.^l 

(cm. ft. per 

B.HIMioui). * ''niciiucy. 


](;-7 

•IT-J.') 


-<S'3 per cent 
‘>7 I 

•rill 
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If tin' niecliauical ofticieiicy be taken as 88 per cent on lull load, 
as it may w(*]] liaN'c bec'ii in this engine—which has largo arIvos and 
conijKirativcJy light reciprocating parts—the figures become:- — 


n.H.r. 

l.H.P. 

nicchaiiical 

1 

InilicHti-d Tburmul 

1 Ktficiciicy. 

KtHcii-ncy. 

:?0 

3-tl 

■ , 1 

1 ss per ccMt. 1 

per (rut. 

■J4 r, 

1* .-{(•. 

1 „ 


1 s ;{ 

‘J-J 1 


;CJ(1 

I'j-jr, 

] 

,1 7n . „ 1 


Gl-J 

1 

IOl'l' 

1 Go 

2'^-4 . „ 


“Gardner” Engines. —The engine illustrated in figs. 125 
and 120 is made by Messrs. L. Gaidncr & Sons, of Patricroft, 
]Manchester, and I'csemldes the Crosslcv engine in all liut a few small 
details. Idle leading <kmeusioiis of tliis engine are as follows- 


iJore . 

8’5 in. 

Strokt!^ 

1(» in. 

Nmiiber of cylinder.s .. ' 

I. 

.S\V(‘])t VoluilU" 

!)12 cu. <ii\. 

Area of pi.stoii ... . . .. i 

<)7 cu. in 

<'()ni[)re.ssi()n ]-atio ... ... ... 

(5-20 ;1. 

.Miixiiiiuiii li.H.T’. 

24-4. 

K.P.M. ^ . 

240. 

I'istoii sp(.‘ed ... 

040 ft. j)er minute. 

l-irake iiKiaii prc.ssure 

SIS lb. per S(]uan‘ ineb 

I lianieter of vab e ]ioi-ts 

2'5 in , 

Lift ijf valves ... ... . • ... 

0 02.5 in. • 

Kllective HiA'a. of oj)eiiiiig ... 

4-9 sf|. in. 

Itatiii (pistfai area to cfi’ective aiva of valws) 

llO-.l. 

\\ (“ight of j)istoii 

Weight of recijn’oeatiiig parts per sijuare iiicli of 

47 Ibf * 

]»iston ania ... ... • . . 

i m i)>. 

J)iaiiieter of cratiksliaft 

4 in. 

Wiiltli of bearings .. ... * ... 

7'025 in. 

Weight of coniiectiiig-rod ... ... ... 

S7Jb.- . 

AVeight of reciprocating j)arts i 

7() 11). * , 

I’rojected area of main bearings ... ,... 

S0'.5 \j. in. 

Length of connocting-rod between centres 

Ratio (length of connecting-rod to crank-throw 

40 in. 

5-1. 

P'uel consumption (cubic feid pi^r B.H.I*. hour f6ll 

loadj . V.. 

10-4. 

Lower caloritic value of gas (B.d'.U.s per (jiibic foot) 

.545.* 

Brake thermal efficitnic^' ... .... 

2S 5 per C(‘nt. 










Fig. 12o.—‘'Gardner" Engine 
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The particular engine to which the above figures relate Avas designed 
to run with producer-gas, hence the high compression ratio. Tests 
were cariicd out at Messrs. Gardner’s works, using ordinary town 
gas as fuel. This was perfectly satisfactory so long as the engine 
was new, and the pistons and combustion chamber clean and free 
from (;arbon de{)osit, but it is probable that after long periods of 
running on town gas, with this high compression ratio, pre-ignition 
would be set up. Tests were carried out at “ full “ three- 
(juarters”, “half”, and “no lead”, and yielded the following 
results: » 


• 


M villi 

•« 


’ 


Luail 

n.i’.Ai. 

J’rcsBuro 

CompressKiti 

Gas j.tc Ilfjiir 

Gas per 

brake Tlierni.'il 

(b.H.J’ ). 

(lb. per 

aip III.). 

, rrcssuTi'. 

(cxi. ft.), 

. 

K.H.l’. Hour. 

■ 

Ellicii'iicj'. 


• 






IVr vent 

•24-i 

240 

8S , 

160 

402* 

16-4 

2S‘5 

18-1 

242 

Gt: 

145 

357 

18-2 

25-7 

12 a 

. 245 

44 

100 

2 76 

22 0 

21-2 

— 

241) 


4n 

1 

150 

- 

— 


The mechanical elliciency on ft^ll load was reckoned to be 
per cebt. ♦ 

As the load is reduced, the fluid losses will increase, owing 
to the enlarg('d su(;tion loop due to throttle-governing; but the 
iiiechanic-al losses will be slightly reduced, so that the net loss may 
be assumed as practically constant at all loads. The actual results 
will, therefore, pi-obably bo approximately as follows: - 


l.oa(] 

(b.H.]*.). 

I. llTl’. 

M.Kl*. (lb. 
jier Hij. 111 .). 

Mcchaiiirail 

KfKcirnry 

[iiiheaU (1 
'riii'rrnal 

Ull.c-riiijj 




ivr riTit 

I'er veil I 

24-1 

27-5 

yy-2 

8!» 

32 

18M 

21-5 

* 77-5 

85 5 

30 

1 2 

15-6 

56 

80 0 

26 6 


.31 

11-2 • 

— 

9-7 


On full load, the indicated thermal efliciency ih 32 per cent. 
With a compression ratio‘of : 1, the air standard efliciency is, 
apjjroximately, 52 per cent, and the relative efliciency .Gl‘4 per 
cent. The mean effective pressure, 99'2 Jb. per square •inch, is 
high for a gas-engine, and involves a mixture densitAj, of nearly 
80 b.t.Tj. s per cubic inch. For tlys mixt'ure density, the id^eal 
indicated efficiency, taking into account thb increase of specific 
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lieat at Jiigli temperatures, is 
7.‘^ pe.r cent of the air stan- 
(lari), or 38’1 per cent. I’he 
actual indicated thermal etii- 
ciency is a])])ioximately 84 per 
cent of the ideal, tiu' diflhrenc(* 
of 1(5 ])er cent being due to 
loss of ht!at to the (tylinder 
• Avail* dui’ing combustion and 
exjian.sion, aad eaily opening 
of/the C-xhaust valve. 

On the whole, the results 
arc iVniarkably gooil ibr a 
small eiigiiK* oF oidy 
boi’e, am^ ruiminu at such a 
low jiiston .s])(‘ed as (54 0 ft. 
p(‘r minul.e. Had the piston 
.s|)(*ed 1 )C,(M 1 higher, tlu' loss of 
heat to the cylinder walls wouhl 
liaA'e lii*eii h‘ss, l)Ul ^ the* nu' 
ehaiiieal eftieieiiey AA'ould have 
Mitleicd. The j)iston and le- 
cipj'oeating jiarts in this engine 
are ('xeejttioiially light as com- 
paied with usual gas-engine 
])ra('tice, so that e.oiisidei'abh' 
higher piston and I'otative 
s])ee(K could be employed 
without ail} ajipreciabic iii- 
ej;ease in the mechanical Fric¬ 
tion; but it would be iieees- 
saiy, in that e-as(‘. to increase, 
the size of the vah'es, otlim- 
Avi.%*- the fluid losses and volu¬ 
metric- i^fliciency would sufler 
.severely. 
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MEDIUM-l’OWKR GAS-ENGINE 

\ • 

• 

Engines for'Shop-driving, —Engines of the second 
class, *tbr shop-driving, &c., ari' gene'Mily liuilt in (‘ither tlie hori¬ 
zontal or vertical type, tlje choice depending upon— 

1. The tools and the general habits of the niaiiufac.turers. 

‘J. ’The })urposc tpr whicJi tiie engiile will be used. . 

The ai-gpnieiits for and against tlu^ hoifzontal or vertical tj’jie ai'c, 
verv numerous, and often complex, })ut as a general rule they may 
be redm-ed to one or other of the two reasons givTii above. 

Where a high rotative sjiec'd is refpiired, as. for instanc(\ foi; 
genrratiiig»eleetri(;ity, forcc'd lubric.ari(^n and an cnelose-d craiik- 
cliamber become cssc'ntial. Imder these conditions the principal 
claim ill fa\'our oi‘ liorizontal engines, namely accessibility., is 
renn)\ed, and the vertical type is to be preferi'ed, because it oeeujiies 
less iloor-spaee and is somewhat easier to lubricate. Where, how¬ 
ever, tlieiv is no object in high rotative; speicds, and an open engine 
can 1 m‘ employed, tin; Ijoj'i/ontal i vjiedias the advantage; that— * 

1. l)oth the jjistons and valve's are m(>re aeteessible. 

2 . Efir a given spee'd and ]iower it is lighter. afii>, therefore;* 
eheajM'r. 

0. It allows of a vei'v gejod form of e'oinbustion e'hamlier and 
ari'angemient of valve;s, witiiout inlreidueing any elillieulties in thv 
Way of valve eiperation. Tlie same arrange'inent cannot be satis¬ 
factorily emplfiyed in tlie vertical ty})e, beatause, in* that (;ase, tiie 
valves the'inselves would he horizemtal, whie'.h is nnde.ii^rable, except' 
in engines of .small .size. , 

4. It alleiws the u.se of a longer sii’oke', with its attebdant^ advan¬ 
tages. 

^ » , * * 

tor ei^ines of from 15 to 150 ]*or.se-poWer pei- (cylinder the fuel 
generally u,seel, is producer-gas, which,^is very ^iijuch* cheaper tha^j 
town ga.s. ■ . ' 
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Pioducev-gas, however, lias the following disadvantages:— 

(a) The engine eannot be started instantly, because it takes an 
appreciable time to get the producer lighted up and under way. 

(b) The composition of the gas is liable to vary between fairly 
wide limits, thus aftecting both the mixture strength and governing. 

(c) The calorific power of the gas is low, generally in the neigh¬ 
bourhood of 140 B.T.U.s per cubic foot, as against bbO to GOO 
B.T.U.s per cubic foot in tlie case of town gas. This means tljat 
the power output is necessarily reduced, because the quantity of 
gas i-e<j[uired is larg('r and the air is,^therefore, reduced. Hence, a 
lower mean pressure ‘and lower mechanical efficiency. This; how¬ 
ever, is largely oflset by the fact that producer-gas pei-mits of the 
use of a liiglier ccunpiession ratio, witliout ^isk of pre-ignition. 

(</) Unless anthracite (or, at any rate • pood-(.juality and, there¬ 
fore, expensive coal) be cmployM, troiibJc may arise from an accu¬ 
mulation of tar in the val\ es and governor gearing of-tiic engine. 
This can be mitigated, Imt not entirely overcome, by the .use of tar 
extractors. 

t 

It is not proposed, howc»vcr, to deal with the extcnsi\'e subject 
of gas-producers in this book. • 

The Tangye Engine. — Kig. 127 sliows a Tangyc engine 
of tlie type supplied to work in conjunction with tlic Tan'gyc suction 
gas-producer, using anthracite coal. It is designed to give a con¬ 
tinuous qutput of alxnit G5 B.II.P. AvJien runpiug at a sjieed of 
lliO E.P.M. In generfd fcatutes it differs but litth* from the small 
Crossley or Gardner engiiu's just described, the ju-incipal dilflMvnce 
being in the ^governing, the latt(‘i‘ being' accomplished ])v var\ing 
the lift of the inlet valve. 


On the hilct-valvc stem is mounted a separate small valve \Ahicli 
controls the admission of gas. This valve is fitted looselv on the 
Stem (»f the main valve, and* is held up to its seating by a light 
spring. A colly.]’ is provided on the main A’alvc stem, slightly a})ovc 
tvhe gasivaWe, in such a ])osition that^ as the mahi valve o)»ens, the 
collar comes^nto c.oi]tact with the. gas valve, and opens that al'^o. 
There is a spiall amount of clearance belween the colhii- and gas 


valve, io order to give the aii- valve a slight lead during the first 
and la.'it fiMictions of the valve travel, when air only is admitted, and 
the passages arc thus cleared of any gas that may linger in them. 
AFith this arrangement, it is clear that, as th(’. lift of the. valve is 
inerbased, the quantity both of gas and air admitted to the cylinder 




-cyliniler Tyi»‘ (witii ir w Cyveuioi (.n-ai 
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is correspondingly increased, while the proportion of each is adjusted 
by the relative diameters of the gas and air valve ports. 

The method of operating and varying the lift of the valve is 
somewhat peculiar. A (aii'ved lever is pivoted at one end to the 
valve stem, and the other end is connected, through a push-rod and 
roller, to the cam mounted o]i the side-shaft. Above this curved 
lever is fitted another short lever of slightly greater curvature, one 
end of A\*hich is pivoted to a pin above, and slightly to one side 
of, the valve stem. The other end is c^'iineeted to a screwed plug 
which can be raised .or loweted by the partial rotation of a hollow 

.cvlindrical nut. The whole 
arrangement is shown in de¬ 
tail in fig. 128. As the mov- 
sible end of the second short 
lever'js lowered, the'point of 
cf»nt.‘ict between it and the 
longer opei-ating' lever is 
brought farther aw'ay from 
the valve stem, and the lift 
of the A’alve is inereased. 
The two^curved levers have a 
rolling action, with the result 
tliat. as the valve lifts, so 
the point of contact, or ful¬ 
crum, shifts farther from the 
Fig. 128 . —Taiigyc Oovernur Ocfir A’alA c st(*m, and the veloc'ity 

of fipening increases. This 
arrangement provides for a gradual opening and closing of the valve, 
w*ith ra])id hcceleration after it has f)nce })cen started in motion. 
The lift of the valve is controlled by rotating the hollow cylindrical 
nut which is cou]»led to the goveimor.' 

' 'Ihe whole arrangement is .ingenious, but it is evident that the 
“ sensitivenys.i:" of goycu ning must de])end upon the perfect freedom 
of moA'cipcKt of the screwed nut anil plug. Any friction here, due' 
to grit, i^c., AV'il throw.a load on the gftvernor, and will be liable to 
caus(‘ hunting. Moreover, the gear h not balanced, for there- will 
always 1*0 an upward pressure upon the plug, which will tend to 
rbtaf.(V t.he jiut and sr) .teact upon the governor. To check this as 
far as posi^jlde, the nut itselV is provided with a ivide. flange, which 
bears .against the bracket supporting it, and whose friction prevents 
it from rotating. ' ‘ 





MEDIUM-POWER GAS-ENGINE 


327 


The exhaust valve consists of a sted stem with a separate cast- 
iroTi head, which is very thick and heavy, in order to enable it to 
get rid of its heat readily, and to pi’event distortion. 

A separate renewable seating is provided in the combustion 
chamber for the exhaust valve, a provision which seems to be 
d(*,sir€able in any but very small engines. In other respects the 
(‘iigiiie differs so little from those previously described that there 
is no need to devote any further space to it. • 

A series of tests were e^irried out on an 80 horse-power Tangye 
engine, with a sui^tion producer using’ anthracite fuel, by Professor 


jMathot (of P>russels) in 1900. 
ing dimensions:— 


This engine had the following lead- 


Pore... ... ...* ... Hii in. , 

Stroke .. .. 23 in. , 

R'P.M. ... !.lf»0. 

•0 • 

Piston speed ... .. * .. 728 ft. per minute. 

Area of piston ... .. ... 214 eu. in. 

Swept volume ... ... 4022 cu. in. = 2'84S cu. ft. 

Compression ratio ... *. .. (i'H: I (approx.). 

Air standard efficiency 52 per cent (appHO-x.) 



Tf-Jt 1. 

‘2. 

Test :J. 

• 

Jlnratioii 

10 hours. 

0 hours. 

16 min. 

K. P.M. (averajje) 

190 •SO. 

iyo-;i4. 

lS9-:i5. 

H.IT.P. 

OS'OS. 

SM2. 

SS-7(5. 

1 i.II.P. 

SI-.fid. 

9.1-91. 


Menu pressuro 

OS’S! lb. pej' c.ii.'in. 

79-.'il lb. per cu. in. 

• 

Mechanical (iflicii^ney 

S4-21 yiei' cent. 

SO-.So per cent. 


Compression pre.s.snre 

152 S9 lb. per cu. in. 

]-’')9-29 lb. j)er eu. iri. 


Maximum pressure 

2C.r97 

.^bc-yg „ • 

• 

Fuel consumption (lb.\ 
per B.H.P. hour) .. I 

0-720. 

0-6C5. 

— 

Overall brake thermal 1 


2G'{) per cent. 


etticieney ... ...j 

2i'S per cent. 

■« 

i 


Tlje brake thermal efiicieycy includes the Josses in tie jiroduc^u-. 
Ft is very doubtful whether the (‘tficiency of the gas-producer could 
he higher than 85 per <x3ntfc and, in this case, the actual brake 
ct}icienciesH)f the engine,’ reckoned on the gas c.onsmhptioii, become 
20-2 per cent at a load of (58'08 B. II.P. and^31’7 per cent oi/ IojaI 
of. 81T‘J B.H.P. The mechanicaf efficien^-.y is given bj Professor 
Mathot *11 his report as 84'2 per dent in Te.«t 1, aijd as 8G'35 per 
cent in Test 2. Tf these figures be* acceptefl,’then the indicated 
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thermal efficiency become^ 347 and 367 per cent. These are 
exceptionally good figures for an engine running on producer-gas, 
and Professor Mathot remarks that they are the best he has ever 
attained. 

The relative efficiency in the former case is 67 jjer cent, and in 

K the latter 707 per cent, both these figures 
being based upon the somewhat doubtful 
assumption that the produ(;er efficiency is 
S.') per cent in reach case. 

• in figs. 129 and 130 are shown two 


r • 



Fig. 129.—^Indicator Diagram, Tangyc Engine 


indicator cards, taken during the second test. TIu first'diagram 
shows remarkably rapid and complete combustion, which is some¬ 
what unusual with producQr-gas, in which the jx'rcc'utnge of 
hydrogen was found to b (5 6 nly 1.^‘8 per cent, while the COg per¬ 
centage'. was as high as 67 per cent. Tin; light spring diagram 
shows that the fluid losses during the pumj)ii»g strokes wewe exeeed- 



/ 

ingly small, and tluit the pressure in, the cylinder had dropped to 
below atmo.splieric before the end of the exhaust stroke, showing 
that adraiitage was be.yig takeri of the inertia of the gases in the 
exhaust ])y)c to assist in. withdrawing the products of combustion. 
This diagram also shor/s that J hft volumetric, ('fficicnoy of the engine 
was high, for the cbrfjpression'line cros.ses the atmospheric line after 
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the piston has travelled only about 6 p*er cent on the compression 
stroke. This indicates that the higher powers obtained in Test 3 
must have been obtained by increasing the percentage of gas in 
tlie mixture, and not by any further increase in the valve-lift. 

Ruston-Proctor Engines. —In fig. 131 is shown a sectional 
elevation of the Ruston-Proctor engine. This engine has a cylinder 
of 2i‘5 in. boro and 30 in. stroke, and develops 150 B.H.P. as a 
maximum working load when running with producer-gas at a 
speed of 175 R.P.M, Ij repwisents about the largest size of 
cylinder which caw be employed without resorting to water-cooling 
of thp piston—a condition which prac*tical]y niarks the limit of size 
for this type of engine, for water-cooling of the piston is a tiresome 
and difiieult problem, to bb avoided if po.ssible, . 

It is^ now generally^ agreed that, when the ]iOAvei’ requiK'd per 
cylinder exceeds the iiMiximum tlia,t can safely be obtained* from an 
uncoolcd piston, it is preferable to employ a double-acting cylindei-, 
for in this manner the power can be almost doubled for a given 
weight of retiiprocating parts, dfnd the cost per horse-power reduced. 
So long as air-cooling can be relied upon for the pistons, then the 
single-acting engine is the cheaper;* but as s6on as it becomes 
ncces.sary to resoi’t, to water-cooling, it is more economical to 
employ the double-acting type. Single-acting engines, with uncoolcd 
pistons, ai'e now built in sizes up to 1500 horse-power; but, in’such 
cas(‘s, large numbers of cylinders are employed, and the output from 
each individual cylinder never exceeds about ICO B.PI.P. ^ In Diesel 
engines, the single-acting type is .^Imost invariably eraj)loy(‘u, in 
spite of the necessity for water-cooling the pistons in the larger 
sizes, Imt this is becau.se flic double-acting principle introduces difii- 
cuUi(‘s whi(*.h do not ajiply in the case of the gas-engine. 

In so far as the geneial construction and mechanical details arc 
concerned, this engine difters very little from those which have 
aheady been described. The crankshaft is not a solid foiging, but 
is built up, the crank-webs and balance-weights beij,ig.steel castings 
bored out and sliriink on to tht' eraidv-pin and shaft. B}' fhia incans*a 
somewhat cheaper shaft can be employed, and the danger of balance- 
weights coming adrift is, of cdiirsc, eliminated. 3his/orm of built- 
up shaft has of course been well tcst.od in marine steam-engine prac¬ 
tice, and has shown itself to be entirely .satisfactory. The c'DBncct- 
ing-rod l^ig-end bearing is of the Vnariiie type, with separate cast- 
steel housings ibr the bearings. The coniicctifi^-rod •itself ha.s a fiat 
foot, and the two halves of the be.aring are, of course, lined With 
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white metal. This form of big-end beating is less costly than the 
solid forged type, and is perfectly satisfactory so long as the foot 
of the rod is carefully spigoted into the housing of the bearing, and 
the big-end bolts relieved of any shearing stresses. The design 
of the combustion chamber is generally similar to that of the pre¬ 
ceding engines, but it will be noticed that the water-jacket is left 
open at the back, and afterwards closed by separate detachable 
covers. This is necessary in large engines because the infier walls 
of tbe combustion c.hambeit must, be* made very thick to withstand 
the Huid pressures^ and, in conseejuene'e, their mean temiXTature is 
considerably greater than that of the cooling water. The expansion, 
ther(*fore, of the inner and outer walls i§ by no means equal, and it 
becomes necessary to a\’Ofd tykig them rigidly,together, otherwise 
the irregular (expansion will set up severe stresses, which may lead to 
cracking. This problcip of the uutjqual expansion of the inner and 
outer walls of the combustion chamber or cylinder does not apply to 
any appreciable extent in small engines, but increases in importance 
as the si;?L' of the (*ngiue is increased, until, in the very large engines, 
it becomes the controlling factor. . 

The admission of gas and air is •controlled in very much tlit 
same manner as in tlje d'angye engine. *The main inlet valve carries 
a su})])hMnentary gas valve, and the quantity of mixture is controlled 
by the lift of the two valves, which, again, is under the control of 
the governor. 'Hie variation of lift is accomplished by providing the 
top of the A’ahe with a broad flat face, ovei' which a movable roller, 
controlled by the governor, travels as shown in fig. 132. ^his rdjlei- 
is, in efi'ect, a movable fulcrum, increasing the lift of the valve 
as its distance from the* pivot of the rocking lever is increased. 
The roller, of course, is relit'ved of all load, and is perfectly free {o 
move during the whole period that the. valve is closed. It is not, 
however, a truly balanced gear’ because the rocking lever and valve 
face are not at all times parallel t(% one another. Consequcntl;f, 


there is always a tendency for the roller to be forced .ii^ one diree 
tion or the other. This teudeiicy might react upon tin? governcy;-, 
but is prevented from doing so by providing the rt.']Jer with two 
conical flanges, which have' tlx* effect of binding upon the rocking- 
h'ver, and so intixxlucing a frictional resistance. It must be noted, 
however, that in this case the resistaiu'c is applied only iluriiig the 
[H‘riod that the valve is lifted, and* that at»other times the j-oller is 
perfectly free move. ' , * • , 

Botli the inlet and exhaust valvt's arc operated from a single 
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cam on the side-shaft, an arrangement whicli is decidedly neat from 
a mechanical point of view, and which makes it possible to place 
both valves in the same line, and operate them direct through 
straiglit levers. It is, however, open to the objection that it is 
not possible to time the opening of the two valves independently, 
and that there must necessarily ])e a considerable amount of over¬ 



lap, whhdi Is desirable only when the ojchaust-pipe arrangenumts are 
suitable. Akb, the ex-haust valve eaiiuot be opened as early as it 
should be, which results in an appreckiblt amount of fluid resistance 
during t^ie early part of the exhaust stroke. 

The piston is lubaicated by means of a foreed-hal lubricator, 
actuated from the side-shaft, width delivers oil to the top side of-the 
piston. A separate sfght-fed lu\)i'ioator, fitted near tjui open end of 
the ‘liner, .supplies oil to a trough carried (in the front end of the 
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piston, from which it is led by a small pipe to the gudgeon pin- 
bearing. 

It will be noticed that the head of the piston is enclosed by 
means of a light detachable cover, the object of this being to pre¬ 
vent any oil from reaching the under side of the piston-head, where 
it would carbonize, and give off unpleasant smoke and smell. 

^riio cxliaust valve is very massive, both in the head and stem, 
with the object of maintaining an even temperature and of getting 
rid of as much heat as possible "down the stem. It is one of the 
difficulties with the larger .sizes of gas-engines that, in order to 
preve.ut wide variations of temperatui-e in the working parts, with 
the consecjucut risk of both pre-.ignition,Aiid failure through unequal 
expansion, it is iKMiessary^to make all parts which are exposed to 
high teinperature.s, and ^which cannot conveniently be water-cooled, 
\’eiy thick and heavy. 4n doing soi, the mechanical efficiency suffers, 
and the wear ajid tear is increa.sed, unless a very low rotative speed 
be (unployed. This, again, involves greater heat loss, and increases 
the cost, *size, and we.ight of th£ engine. 

The Ruston-Proctor engine runs normally at a .speed of 175 
li.P.M. 2 )er minute, corre.sponding to a piston’ .speed of 875 f£. 
per minute, which is high for so large an engine of this type. 
The brake mean pi-e.ssiire is 72 lb. pci- sipiarc inch, and taking the 
nn'chauical efficiency as 85 per cent, the indicated mean j)re’ssure 
will be a])proximately 85 lb. per .square inch, certainly a liigh figure 
for .so large an engine with uncooled piston and vulyes. Such 
<‘iigines cannot run with very strong mixtures, owing to the Tigh 


tenqieratures involved, and the risk of pre-ignition from overheating 
of the micoolod parts. T’o obtain a mean effective pressure of 85 lb. 
|)er square inch wdtli a weak mixture of producer-gas and air, indi¬ 


cates that the volumetric and tliermal efficiencies must be verv high. 

It is by no means an (*a.sy matter to measure accurately the 
• piantity of gas consumed by any gas-engine, })ecause the pul.satio*n 


in the pipe-w'ork, caused by the intermittent «uctiqn ©f.the engine, 
interferes witli tlie accurateaworking of any gas-metei", Wnce the 


consumption of lai-ge gas-engines using producer-gas isvnjmost always 
mea.stired on the quantity bf ^uel consumed in the producer. From 
a commercial point of view this is all that is required, but it does 
not give any clue as to the actual thermal efficiency of .tin? engine 
alcfne, % the efficiencies of different prockicers vary ccjisiderably, 
both between. tJiemselves and according to ,flie ^class of fuel us^d. 
In con.sequcncc ‘of this difficulty, iictual figures as to the tlu^rmal 



334 


THE INTERNAL-COMBUSTION ENGINE 


efficiency of large gas-engines are not easily obtained, except in 
laboratories equipped with special apparatus for ineasariiig the flow 
of gases. 

Engines .similar to the one illustrated in fig. aie built with 
one, two, or four cylindei’s, giving 150, 300, and 600 B.Il.P. In all 
eases the cylinders are arranged side by side. In the case of two- 
cylinder ^engines, the two eraiik-jnns are almost invariably in the 
.same plane, so that there is one impulse at every resolution, and 
tin* interval between the impulses'is thb same. This arrangement 
provides for a unifolm turning moment and good governing; but, 
as pointed out previously, th\j. rotary' balance is exceedingly .poor. 
For slow-running .stationary ejigines, hovv('\'('r, foi* whieli ample 


foundations can I'asily Ik* piin idcd, this is^not a very sc'iious matter, 
and experieru'c has shown that, for such, engines, ('ven, turning 
niovemeiir ami accurate goveriiiiig arc of 'more im]X)i‘tancc than 
nttary balance. 

In fig. J33 is shown a photograph of a two-cylinder ‘250-11.11.P. 
Jiuston-Proctor engine. in so far 'as the mechanical details arc 
(•(niccrncd, 'lIiLs ('Uginc re.semblcs the one just described in all 
respects exce])t that a ,soli»l "forged-steel crank.diaft is .employed, 
with cast-iron balam'C-wi'ighls attaclu'd by moons of t(*nsion bolts. 
Tlie leading dimensions of this engine are:— 


Pxjrt' 

Sti-okc 

Nuin))er t'f cvliiitlers 
r 

lV.st.uii area ... 

Swept volume (cnliic I’eet per (ylinder) 
(/(>inpivs.sioii ratio ... ... ... .■.. 

'Maximum V.H.l’. 

R.KM. 

Piston speed 

(brake mean pre.ssnrc) 

‘Diameter of ink^t-valve port .* 

Lift of inlet valve .... 

Effective a,vea of opening ... ^ 

*J)iaineteh of exhaust port 
Lift of exhad'st valve . 

Eflcctive aren of opening ... ..." 

Ratio (/■ piston area to inlet area 
Weiglit of piston f 
Weight of connecting-ro(^ '... t ... 
Weight of reciprocating parts 
Weight of reciprocatiyig parts'ner square inch 
* of pi.ston arofi ... ... ' 


I o r) in 


2!)S (; ,s(| in. 

4t)7. 

0-4 : 1 . 

200 . 

I No. 

'S32 o ft. {)er minnte. 
()tj‘2 11). j)er S(juare inch. 
7-5 in. 

J-37o in 
32'3 s() in. 

7 0 in. 

1 625 in. 

35'S ,s(j. in, " 

9-25:1. 

SoO II). 

.S97 11). 

1220 11 ). 


4-1 lb. 











• 


Fig. liusCuii l'icctoi (.lii^-eiiguie 
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In actual operation, the makers state, this engine consumes 
13 cu. ft. of town gas, having a lower calorific value of 650 B.T.U.s 
per cubic foot per B.H.P. hour; or 0‘7 lb. of anthracite, having 
a calorific value of 14,500 B.T.U.s per pound, with a producer 
efficiency of 83 per cent. In either case the brake thermal efficiency 
is almost exactly 30‘2 per cent. The air standard efficiency for this 
engine being 49'2 per cent, the performance is an excellent one. 
T'he milkers state that the meciianical efficiency, as ascertained by 
indicator diagninis, is 82 per cent, which seems very low. This 


figure makes the indicated thermal efiiciency x 30‘2 per cent 

^ < 82 
' * •• 

n 6 ’ 8 

= 3G‘8 per cent, and the relative efficiency ^ = 75 per cent, 

which is altogether too high. The relative efficiency in such an 

engine as this could hardly be higher than 71'5 
per cent, corresponding to an indicated thermal 



Fig. m.- Tiidicator Diagram, liiiston-Proctor/Jras-eiigina 


efficiency of 35'2 per cent, and a mechanical efficiency of 85’7 per 
cent. The makers further state; that the brake iradings and the 
measurements of gas consumption were recorded with an accuracy 
wTiich leaves little ropm for^ doubt. The; indi(;at('(l horse-power, 
however, was arrived at by means of a penc.il indicator, which is by 
no means accurati;, and generally has a t< rnlency to read too high. 
B)' calc'uration, the mechanical efficiency works out as follows 
Fluid Loss .—The gas velocity through the inh't valve is 

9-25 X 832-5 , i 

= 129 It. ptii’ second, 

60 ^ 

and th^t •through the exhaust is 'slightly lower; but the opening 
of the exh^ist valve ,is late, as is shown by the indicator diagram 
(tig. 134), so that the fluid losses jnay be as high as 4-5 Ib. per 
.s(|uare^mch.‘ 

‘ Vision F'riction.—The weight of the reciprocating parts is 
approxin^ately 4-1 lb. ,per‘square inch of piston area, so that the 
piston frictioi? Avill vimount^ td about 4-8 lb. per sc^uare inch. 

• Bearing Fricfibn. —The' bearing and other friction in a two- 
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cylinder engine such as this will probai)ly not exceed 2‘5 lb. per 
square inch. 

The total losses, theTofore, will amount to— 


Fluid loss 
F’iston friction ... 

Ecaring and other friction 
Total losses ... 


4 5 lb. per square i)ich. 
4-8 
2-5 
fl-s 


The brake iiK^an jnessure at normal full losid is 6G'2 lb. per 
S(]uare ineb, so that the indicated mi'an pressure will be— 

()(»'2 + 1 I’8 =,78 lb. per square inch, 

and the ineehauical etiicieney bcrconies 


r.6-2 . 

—= Ho per e.erit. 
78 ^ 


If this figure be aeee|)ted, then 

becomes x 80‘2 = 35‘5 T)er 
85 


the indicated thermal efliei<'n(;y 
cent, and the relative efticieney 


72'3 p(u- cent, which still seems to be somewhat tof» high, and 
suggests t|iat. the mechanical (ifficiency^ must be even higher than 
the calculated one. In any case, the results obtaine<l arc remarkably 
good,*and h^aA c very litthi scope for improvement in any direetion. 

The Crossley Engine. —The Oossley 130-liorse-po\vcr pro¬ 
ducer gas-engine, shown in tigs. 135 anil 130, is similar in most respects 
to the Ilnston-Proctor (‘iigine just described. Engines of, this type 
arc, an<l have been, made in such large (puintities that the design 
has bi'cn practically standardized. The construction throughout 
is simple and thoroughly sub.stantial, and the whole engine has a 
neat and workmanlike appearance. T^his engine ha.s a cylinder bore 
of IDr/ in. and a stroke of 28^ in., and develops a maximum of 
130 Lhll.P. when running at a speed of 180 11.1*.M., eorrespoiiding 
to a piston speed of 840 ft. per minute. The brake mean pressure 
is 09 lb. [)cr square inch, and the ijjdicated n^ean pressure, on the 
asHum])tion that the mccliani^^al etheiency is 85 per cent, rs stated 
by the makers, will amount to 81 lb. per square inelj, ■‘•ather a high 
figure? for a producer gas-engine. The brake tliernial etiieieneies, 
as gnaianteed by the makers, are as follows: 

Full load... ... 25Ci per'cent. ’ 

Three-quarter load 22'6 ' * 

Half load... ... 1§‘4 ^ , 

• Quarter load ... 12‘7 ^ * • 


VoL \ 


22 




Fig loo.—(.'ro'^slej Cras-tiigine 
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These figures Hp|»ear somewhat poor for an engine of this class 
aiul size, but they are tlie figures which tlie makers guarantee to 



obtain from a new engine on the tesJ: bee?, and art'. u6t flie best 
figures •obtainable aftei- eareful ;idju.stiiifent and a ^usiderable 
amount of rmiuing in. Witli a somewhat Ja^ggr e'ngine cf 21 "iii. 
bore and 30 in. stroke, running at-170 R.P.M., aivi using town gas 
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of 550 B.T.U.s per cubic foot lower heating value, Messrs, Crossley 
have obtained the following results, after careful adjustment:— 



Gas C!onsiirn]>tion 

Jinike 

Brake 

B.H.C. 

(cu. ft. iier 

Mean Prossure 

Thermal 


n.H.r. hour). 

(lb. per sij. in.). 

Efficiency 




Ter rent. 

IGO 

IT) 7 

70-4 

29() 

120 

170 

57-2 

27-.-I 

80 

l»-7 

.“18-2 

■ 2;'.(i 

40 

27‘7 

« 101 • 

lG-8 

20 

, 410 • 

9 0.') 

11-3 


If now the inecliaiiical eHic'encv ofthis enuiiie, when runnine; at 
a load of 160 be taken as &i’>G pc\' cent, wliich is probably 

approximately correct for an engine of this size, running at this 
speed and mean pressure," the lesults heeoiii<‘: 


ij.n.i*. 

i.n. 1 '. 

Mechaniviil 
Ellieieiiey. 

1 Mean 1‘rrsMire 
' (lb. per s(). lu.). 
i o 

iiidicuterl 

Thermal 

Efficiciiry 

lielative 

Efficiency. 

• 


I’er cent. 

l'<T coni 

IVi ei-iil 

Per ci-nl 

160 

'186 

86 

SS-7 

94-1 

G7r> 

• 120 

14(; 

82-2 

w 69 f) 

33-J 

6;")’2 

SO 

106 

7r>*r) •> 

: ,-)0r) 

;ji;; 

■ 61-:) 

40 

66 

60 n 

1 -6 

!.7-7 

34-5 

20 

< 

46 

4r. 

I 

26 0 

.61 ' 

« 


'i’lie steady fall in tJu* indicated thernud etiicieney is just exactly 
what one \vould expect in an ('ngine such as this, which is controlled 
entirely by throttling berth gas .and air, and in which the mixture 
density is kept const.ant, 'I'luM-e is little doubt that the indicated 
thermal efficie;icy, when running at 120“B.H.I\, could Ite sub¬ 
stantially improved if llic mixture density w<M’(i r(‘duced, i.e. if the 
gas only were throttled at, this load; but since, in this engine, there 
is no provision for stiatification, the limit, of qualitative governing 
would very soon be reached, afid it is probably h.ardly worth while 
to comjdicate* the system of goverjiing for the sake of a small 
improvcnicnt in the etlieieney over a comparatively narrow range of 
load. 

The engine is governed by v.aryiifg the lift of the main *inlct 
valve, which admits both gas and air, the admission of gas being 
controilfed by a small vulve piounted concentrically on the stem of 
the main inlet valve, as the l^uston-Proctor engine. TIiq method 
of ‘Varying the lift ^s j-j<?arly sljown in the cross-section .of the breech- 
end (fig. 137). ^t will be seen that a curved lever is employed, one 
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end of which is pivoted to the inlet-valve stem, and the other to 
the push-rod actuated by the earn. The fulcrum of this lever is tlie 
cud of a small radius rod, pivoted above the centre of the lever, 


actuated by the governor. 
The radius rod is not in con¬ 
tact with the lever while the 
valve is on its seat, and it 
can, therefore, be inovcxl by 
the governor without frictiofi. 
It is obvious that*the ncarci- 
the fulcrum is brought to the* 
inlet valve the smaller is tlx* ’ 
lift of this valve, and tlx*]‘C- 
foro tlx' smaller the quantity 
of cluirge taken into the 
cylinder per cycle. Fi-om a 
mechanical point of view Ibis 
arrangement is excellent, for 
it is p(‘.rfeetly balanced and 



Full loatl jiosition 







friction less, and in practice it 
<-»*i tainly works adiidnibly. 

The two indicatoi- caids 
shown in 1i<i‘. 138 W('re taken 
from this eimiiie, one wlx*,n 
running on nearly full load, 
and the otlx'i* dead light. 

The light-load cards, however, 
vary so greatl v from one (!\xde 
to the next that very litth* 

I 

information can be obtained I 
from them. The full-load cat-d 
shows veiy rapid combustion, • ^ ' * 

indicating considerable tur- . ^ ^ ^ j 

buh'nce within the cylinder,* ‘ , - 

. •' . Light load puyitiou 

I he compre,ssion pres.sure is i .. 

^ iMg. 137—Governing Mechanism <, vCrot.Bley Liiguu 

appitiximately 150 lb. [Vn** ^ 

square inch, and the maximum pressure; about 300 lb. per square inch. 


The inlet valve, togetlier wdtli the gas,valve and fjeating, are 
all* mounted in a separate cage,* aix^ muy easily be ^withdrawn 
for inspectioi) or cleaning. The *exjuiiist ^^alvc is of (tast iron 
throughout. This involves tl>c use of a very heavy stem; but-such 
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a stem is necessary, in any case, in an ('.ngiue of this size, in order 
to conduct the heat away from tlic centre of the valve. Cast iron 
withstands the liigl) temperatures better than any other material, 
and is less liable to pitting or corrosion at tJie point where the 
gases impinge, upon the. stem. The main objection to its use is, of 
course, its low tensile strength, but in a slow-running engine, such 
as this, the inertia of the valve stem is not a very serious matter; 
and thelc can be no objection to its use, i)rovide(l that the cam be 
designed to ])ermit of gradual*chasing. mkI that the valve spring is 
450 .sudieien'tly strong to preve/it the. valve bom 

jumping- The evliaust valve-sealing is of hard 
east iroir presse'l into position, thus giving 
\ ^ better wearing* ])ro|*,(‘rties, and permitting of 

, \ easy renewal. 'Flie inecrianical features of this 

engiile icsenible thoseV>f the Ruston-Proctor, 

- \ Tangye, so closely that it is not w-orth 

\ while to investigate tlu'in in detail. 

180 \ Tlie piston,* gudgeon-pin, exhaust-valve 



Fig. 138.—Iiidiuiitui Diiigrains, L'ligiiic 

* • • 

stem, and the centrifugal oil-iing for the crank-])in beajing an* all 
suppli(*d with oil under pressure, bi'mi small oil-])uni])s driven by 
an eccentric from the side-sludl. 'fhese pum])s deliver oil in very 
small quantities as required, and do not circulate tlie oil, as is 
usual in enclostal high-sj»e(‘d (uigii/cs^ The main- and side-shaft 
bearings are lubricated^by means of oil-rings which dip into a bath 
of oil below ^he bearings, in the usual,imwiner. 

Starring is effected by means cither oi* ciompressed air, supplied 
by a iSipall air-compressoi- and stored in a rec.eive.r, or by pumping 
into the cj^linder a charge o'l petrol or coal-gas, and igniting it .by 
tripping the m|igneto*by hand.* In either case the fly-wheel must 
be" barred round to'tlle'correc.t! starting position. 
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VERTICAL GAS-ENGINES 


The engines jneviously dealt with may ha legarih'd as typieal of 
the larger sizes of single-jutting horizoirtal gas-engines, and, although 
tJiere Jin* iiiinierous othe.r maters of thp same type of engine, tlic 
diil’erenees in design are sc? slight as to be hardly worth considering. 
In the design of engines of tlie vertical type, there is consiclerjibly 
more variety to be found. Yertjcjd engines are almost alwa}'s 
int(‘nd('<l to be run at higlun- rotative spcatcls, hence thc'v all possc'ss 
certain ieatiin's in coininon, such, for example, as forced lubihtjition, 
(■nclosed (trankcases, Jind thi'oftle governing. They arc not, as a 
gemerfd rule, ejuite so ellicient as the horizontal type, prbbablv 
becjiuse tliey gtmerally emt)loy n short stroke. • In England it is 
be(tc)niing (tomraon prjic.tice in l.-irge vertktal (uigines to use tandem 
sijigle-ju'ting cylinders, ,‘in JiiTaugement which has many good points, 
hor example:— 

1. With two single.-jicting cylinders in tandem there is an 

impulse every revolution of the crank. ^ 

2. The j-(iciproeating weight, ])pr cylinder, is reduced, heiic(\ 
liigbcr mecliiinical ethciency. 

g. The cost is reduced, for it is obviously much cheapei' to add 
one cylinder, one above* the otluT, thiin idoiigsidc, where it would 
reciuire ji s(*parate conncctinga’od {ind (iraid\. 

4. The whole engine is \ ery compact, especijdly when, for tlu^ 
sake* of large powei’, Ji veiy birge 'number of cylinelt'rs iinist f)e 
employed. ^ • • • • 

f). By (‘dosing the botte)?n (*nd of the upper cylindcK. an aeir- 
butfei- (^{in be formed which will counteract, or ge' far towards 
counterac,tiug, the, inerti^ of*tlie reciprocjiting ]).‘irts,on the down¬ 
ward stroke, while the inertia on the upward streeke is cusljione'd by 
the compression in one or other of the j:-wo cylinders. • * • 

Witfi the tandem arrang(uncnt,*the minimum number of cranks 
which can be employed (to give aiiy'semblA]a!(“of bjdance) is two. 




Fig. l.SO -Four-cylinder JfW-H.P. 21i in. x 24 in. 200.R.P M. Rathbun-Jones Producer-gas Engine 
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and four craiiks arc necessary to obtain a good rotary balance. 
Consequently, such engines cannot be built with less than four 
evlinders, and generally have six, eight, or even twelve, the latter 
number providing ^r as much as 1500 B.H.P. without resorting to 
water-cooling of the pistons. 

The Rathbun Engine. — Of the ordinary type of vertical 
engine, that illustrated in figs. 139 and 140 may be taken as an 
average example of the best class. This is an American engine, 
made by the Rathbun-Jone?5 Company, of I'oledo, Ohio, who build 
a large number ofiVertical engines, ranging from 25 to 125 horsc- 
pow(>r per cylinder. • 

llie Ilathbun engines are degigneJ tq run on either producer-gas 
or natural gas. The lattbr is- a very rich fuel, consisting almost, 
cntiiely of methane and ethylene, and has a lower heating value of 
about l(f00 B.T.U.s i)er, (jubic foot., The engine illustrated*has four 
cylinders, and develops 500 B.II.P. when running at a speed of 
200 It.P.IM*. The bore is 21.^ in. and the stroke is 24 in., corres¬ 
ponding to a piston speed of *800 ft. per minute. 

deferring to the sectional drawing, it will be observed that no 


linei’ is cmjdoyed. This is usual in vertical eng'ines, in which tl** 
c}'liudcrs sire always/jast separately from the base-chand)er, and can 
therefore be renewed bodily almost as cheaply as a sepaiate liner. 


c.ombastion-head is of slightly domed formation, and 


carries 


both the inlet and 


exhaust \'alves, w^hich arc mounted vertically. 


Separate detachable scatings are used foj- both valves, so^that they 
<'an be easily wdthdrawui for inspectioja, oi‘, if necessai-y, for grinding. 
Pig. 141 shows sections of the combustion head, from which 

Cl 


it wdli be seen that ample w^ater-cooliiig is provide<l around and 
between the valve seatings, and that the thickness of metal 


throughout the head is very uniform. 

The valves arc operated from eccentrics mounted on the side- 
shaft in the base-chambei', through the medium of long push-rods 
and rolling levers, as shown in lig. 142. The exljaust^ valves are 
hollow, very light, and wat(M‘-cooled, the water being led to and 
from the valve spindles by means of flexible tubes. By using 
watei^eooling, a lighter villvar can be titled, the nqise and w’car 
and tear of the valve gear is reduced to a minimum, and a Ligliyr 
compression employed. Gn the other ^ hand, whaler-cooling* of the 
exhaust valves introduces a numbdr of nieohanieal dittiowlties, and, 
in the et ent of failure of the water eirf;nlatioyt pre-ig*nition and dvs- 
tortion are boniid to occur. 
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The pistons are very long, and are’ provided with five nngs. 
Tlie upper ring is of the ordinary spring type, but the remaining 
four are of a special construction, designed with a view to maintain 
(;oTita(‘t always against the lower side of the slot, and so prevent oil 
from passing up the piston into the combustion chamber, where it 
would carbonize. Another very e.xcellent and important feature 
about these, pistons is that provision is made to allow of the free 
escape, through a port in the eylinder walls, of any gas that may 



other coj-rosive const itiients. ])assing »tlown to the enelosi-d (‘ranlc*- 
<‘.ljamber, is avoided. Tli(‘ toj) of the piston ,is putitioned off. as 
in the IJuston-Proctor engiiK*,iii order to avoid carbonizatittfi of tl^e 
oil on the hot under side of the piston-head. This is ytarticularly 
iin])ojftant in an enclosed cfigi*je, for any carbon so forn^ed is liable 
to fall l)ack into the base-cJjamber, and sei-iously interfere, ’‘i’ith the 
lubrication. * • ’ 


•The (jrankshaft is carried in whfte-m’etal-ilined bearings, of which 
both the upp^r and lower halves can, be adjusted,! the latter Ijy 
means of a Avedge Avhich can be moved sidewavs from outside* the 
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crankcase, by means of a long screwed bolt. This arrangement also 
permits of the complete removal of any bearings without disturbing 
the crankshaft. The studs liolding the top halves of the bearings 
are carried up to the top of the base-chamber and materially assist 
ill stiffening it; at the same time they make it possible to fit very 
large inspection doors. The connecting-rod is of forged steel with 
a separate steel straji 
encircling the big-end 
bearing, and adjust- 
nient is juovided ' for 
by means of a tapere^d 
collar, as in a locomotive 
connecting - rod. „ The 
bearifigs themselves are 
light, ‘malleable - ii-on 
shells, lined with white 
metal. The small-cnd 
or gudgeon-pin bearing 
is adjusted by means 
of a wedge in the‘same 
manner as the main 
bearings. The bearing 
sui'lliecs arc of plios- 
lor bronze, and tlie 
gudgeon -,pins them- 
selv('s are of mild steel,* 
casi' - hardened and 
•ground. 

Acentrilugal gover¬ 
nor is provided, en- 
(tlosed within the base- 

, 11 - Fig. 142 --Roller-lever Mechanism for OiJerating Valves on 

Cliainher, ^ind (.lll\'en “ Kathbun Gas-engine 

from the sjidc-'-^iiRft by 

means c'f bevel gearing. It operater. ujion a balanced disk valve 
e-on.sisting of two disk.^^ one admitting a,ir and the other gas. These 
are so proportioned that the densky of the mixture is sKghtly 
increas»J, when running on light loads, to compensate for the larger 
dilution with exhaust*products. 'I'Ik', governor also operates upon 
the timing of the ignition by s'lightly shifting the positipn of'the 
contact-maker‘on thd^ high-tension magneto, so that, ignition takes 
placfc early in the .stroke, as the load is reduced. This again com- 
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pensatefi for the slower burning of the mixture at light loads, due 
to the larger proportion of inert gases. The curve shown in fig. 143 
gives the fuel consumption of this engine in terms of B.T.U.s per 
brake horse-power. The full line curve is the average obtained 
from a large number of tests, and the dotted line the best indi¬ 
vidual test. 

The average brake thermal effieieney ranges from 18'2 yjer cent 

at one-third .load to 26 per cent at two-thirds load, and per 

. » 



Fig 113.—lif^ciciicy Curve of Kathbun Cas-cnginc 

• ! 

cent at full load. The best results are 19 per cent, 28\S per cent, 
and 31-7 per cent respectively.' The fuel used, in each ease, was 
[Jiuducer-ga'-; having a calorific value of about 140 B.T.U.s pen- cubit! 
foot. Th('. brake, mean pressure when developing 500 at 200 

B.lbiM. is only 57 lb. per sfjuajc'ineh. If the mechanical e^ciency 
be taken as 85 per cent, then the indicateil riiean pressure becomes 
67 lb.*i)er square inch. This'coriiparatively low mean pre.'^sure is due 
jirobably, in part, to the sifiall size pf the valves, which thisjbrm of 
combustion-hcad necessitates, but mainly tg the fact fjliati,-with* 
a light ui^cooled piston of 21 in. dl^imcfer, i,t is unsafe tt^work at a 
higher average, pressure owing to the high temperatures involved. 
A higher pressure would probably result in pre-ighition, and would 
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incur a grave risk of craekiug tlie ijistoii, owing to the wide range 
of temperature between tlic centre and outer edges. With such a 
low mean pressure as this, tlu‘ mechanical efficiency could hardly be 
higlier than 85 per cent, in which cas(i the indicated thermal efficiency 
during the l)est test at full load will be 37*2 pin- cent, a remarkably 
high figure. The compression ratio is not stated, but it could not 
vvt‘l] be higher tlnin (i'4 : ] for j)roducei'-gas, ('veii though the exhaust 
valves are vvater-coo]t‘d. For ^his compression ratio th^ air standard 
efficitMicy is approximately 52'3 f»er cent, and the relative efficiency 
71 ’3 pei- cent, a splendid result. * 

Generally speaking, the Tfiithbun ([Engine must, be i-cgarded.as one 
of the best of its type. • • 

Campbell Vertical Engined. —In lig, 144 is shown a ])]ioto- 
gia])lt, and in fig. 145 n syctjonal elevation, of a four-cy]ind(?r vertical 
ongiiie by. th(' Campbell Gas-engine Compifny, of Halifax, "which is 
typical of the conventional design of v<>rtic-al gas-engine. The four 
evlinders arc each cast sepaivitely, and mo.untcd on an enclosed cast- 
iron base-chamber. The cylimhu -heads are separate, and are simply 
flat water-6oolcd plates which can readily be removed Avithout dis¬ 
turbing any other part. Thfe inlet and exhaust valves a.’'e fitted in 
a side-])ocket which is cast integral with the* cylindei’ body. Idm 
inlet A’alve is placed ov(‘r the exhaust valve, and operated by an 
overhead rocker and long push-rod. This form of valvar geaj- is 
undoubtedly an excellent one for vei-tic-al engines. It provides a 
pocket for the inlet valve, which is desiralde for light-load running, 
aiwl. at the same time; the ai'ca of surface expost'd to the gases at 
th(‘ time of combustion is not unduly large, since both valves are. 
fjttial in th(j ;^ame pocket. The. re.moval of the valves foi- gi-inding 
or cleaning is a very simple matter, for the inlet valve has a 
sej>arate detachable cage and seating through wdiich the exhaust 
valve can be withdrawn. 

As is i^jual in vertical gas-engines, no sepaiate liners are em- 
])loved; and" tlWs is'justifiable on the grounds that each cylinder, 
tbg(‘th(!f with its watei'-jacket, is a separate casting, which is com¬ 


paratively inexpensive' and easily renewable. The engim; speed is 
controlled by a governor, which acts oi) a balanced piston valve 
pontrolbng the admission of both aii- and gas. The arrang(‘ments 
of the I'lildt and exhau.4t piping are clearly shown in the photograph. 

The ci*ankshaft, carflshaft, find connecting-rod bearings are. all 
lubricated under .p^eysure 0om small oil-pum|)s, operated from 
eccentrics mounted on the crankshaft. The crankshaft is fitted with 
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Iu‘.-u ^•couiitorwoiglits. Tliowii (/ouTiterweights, it iiuist iiudorstootl, 
pl.iy 110 serious part in balaneiiiQ- Mie engine, foi' in a t‘oui-3>'yliiidei- 
engine su(jh as this all jirimary lbrc«*s are balaneed. Tlic cftilntc'i- 
weights, Jiovvever, serve a useful *]nirpose»in relieving*tlie main 
hearings from stresses due to the- eentrjfugal fpre.(‘^of the crank-iiins, 
crank-wehs, and i?onneetiiig-rod hig-end Ix'arings. 


Fig. 144. — 350»B.H.r. Cainybell Gas-engini 


























Fij. H.\-Sccfional irianjjoinent of Foiir-cjlimlet Vertical ^aiiipkll Gas-eB|,ic. li io, (fiaineter, and 36 in, stroke 
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The leading dimfiiisious of the largest type of four-cylinder 
vertical engine arc as follows:— 


Bore 

Stroke 

Number of cyliiiflers 
Piston area 

Swept volume ptir cvHiider 
(Jompression i-at io 
Maximum B.H.P. 

K.P.M. 

Pirako mean pn'ssin^e sit maxiiinim 15.H.P. 
Piston sjieed 

Disxifteter of inlet-valve jiorts ... ‘ 

Disiineter of exhaust-\ cilVO jiorts • 

Lift of iidet valv(“ ... * ... 

Lift of exliaxist vah'o ’... 

Efi'ectivl* area of inlot-pqrr oponinir . . 
Ratio of piston art'a to inlet sirc'a ' 
Weight of piston 
Weight ^f reeiproeatiiig p:\rts ... 

Weight of recijirocsiting ])ai1s per s<|U;ire 
of piston area 

Dismicter of crank-pin ... ... ... ^ 

Widtli ol'*crank-pin bearing 

Prqiycted artai of crank-pin bearing ... 


22 in. 

2(j in. 

4. 

o-SO .S(j. in. 
rj-72 cu. ft. 

5l ; 1. 

57;"). 

ISO. 

()4^ lb. jier scjiiare inch. 
7S0 ft. jier niinuti*. 

S in. 

0 in. 

Pf) yi. 

1-7', in. 

37 0 .s(|. in. 

101 : 1 . 

7s.'-) 11). 

io.-)0 n>. 


ire inch 

... 2-7(;]l). 

. . ... 12 in. 

. ... 12 in. 

144 ,M( in. 


Althoi^gh capsiblo of a ina.xiinnin load of ;)7j Jj.ll.l*., tlu^ normal 
working load of the engine is only 480 15.11.1*., corresponding to a 
brake mean pressure of o.'PT lb. per sipiaii* inch, tlie limi^, probably 
being set by thd jii.stons, which are nat wat«‘r-cooh*d. Tin* following 
figures arti sup})lied b>' tin* niak<*rs as the aveiage, test results 
ibtained fioni this engim*:- 

* t » 

liiitkv Tlu-iiiiiil Eftii'iciicy. 

‘ISO l-'-l .’> [ler cent. 


The iiieeJianicul I'flicieney is-e.stiiiiatetl by tlu“ iftakciM as 80 per 
amt, ^v]lich will bi’ing the iinfieatt'd thermal etlicit*ney iij» t<l- * 


1 .IHIll, 

l.JI.l*. 

• 

* ^ Mi'cliiiiiii'iil 

KHk ll■lll•y. 

480 

(iOO 

St) |i«-r cent 

300 

ISO 

7-) ., 

•J40 

;;(io 

„ * 


ImliriilcJ Tlifi'iiiiil 

;’>0 '2 per CC^Il. 
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AV('>tiiigliouse and tlic National (Jas-eiigino (V)nii)an}' build tandem 
•swigle-aetiny, en<l;ine.s jn sizes up to InOO B.ll.l*., as sliowji in fig. 140. 
'lliis lias twelve evlin<lers, eaeli of about 22 in. bore, by 24 in. stroke, 
and develops a niaxiiiiuin power of 1050 B.ll.P. wluMi running at 
its normal spV'ed of 200 These, 'engines, of which a con¬ 

siderable number have now beim built, rei)resent the largest units 
construeteil without resortiifg t(Kwater-cooling of the, jastons. By 
employing the tandeiii' arrange.ntent of the cylindms, each line gives 
om* working stroke•p(*l■^■evolufion, and the. inertia of the rcaaproitating 
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pulls is cusliiobed by the compression in one or other of the two 
tun<leni e.yliiiders. The lower piston in each case is of the ordiimiy 
tiiink type, and takes the thrust from the connecting-rod in the 
usual manner, but the upper pistons are considerably shorter and, 
of course, rec.eive no thrust. The two sets of pistons are connected 
together by ineans of a short piston-rod consisting of a steel bolt to 
take the tension, surrounded by a cast-iron sleeve to take the c.om- 
jnession stresses. * 

Between the upper and IcAver cylin'llers a large \vater-(*ool(‘d plug 
is inserted, through which the piston lod passos. No glands or 
packing are employed, but tlui jiislon-’iod itself is providial with a 
number of ])iston-rings, which prevent Jeakage. AVith this con¬ 
st ruction, the water-coolet> pliY'' must jieccssarily be of gr<‘ater 
length than thi‘. stroke’ of the engine. The plug projects wi'^l up 
into till' under side of tlif njipei* ])i.ston, lea\'ing only a coinj^^ia/atively 
small clearance sjiace in which air is compressed during the down¬ 
ward stroke’, and the inertia, forces eu.sliioned theri'by. By this 
means the inertia forces a‘re ciif?hioned by air conpiression Iwhh on 
the upward and tlownward strokes, a condition that slwjuld mahi' 
both for high nieehanical etheienev an/,1 sweetness of running. Irt 
order to allow of hating the plug or tlistance-piece between the 
cyliiid<»rs. the bon; of the u])per cylinder is made slightly largei-, 
leaving a conical seating betw(*en the two, ujion which the plug 
ri'sts. and^ig.dnst which it is held down from outside bv a numbci- 
of diilgonal set screws, ('learlv shown in the illustratioji. By 
slacking back tljese set screws, and removiiyg the top cover, both 
pistons, together with the jiiston-rod and distance-piece, can be 
A\ithdrawn) through tlu*. t»[) of the cylinder. 

Particular care has been taken in the’ design of tl’u! pipe-worl^, 
especially the inlet piping, in onler to eliminate as far as j/ossible 
the evil effects of pulsations. The inlet and exhaust valvc.s in each 
cylindei- are arranged and operated as»in tlu' Campbell engine, buC 
the exhaust 'valves are of east iron throughout and {y,e niicooled. 
Ill hirge engines such as tjii.^s, witli enclosed cr.ank-ehambers* 
it is necessary to take very careful precautions w'ith th(‘ ventilation 
of 111# crankca.se, for tliei-/'-* is«ii serious risk of the lulAicating oil 
beeomiiig vaporized and ignited Hv the high temperature,of the 
lower pistons, and several serious .‘leeuhuits Ijave oeeurre^l iii.eases' 
\vhei-e thjs has been neglected. These engiiu's are iiiteij^led to use 
poor gas, suel^ as blast-furnace or producer gAs, but, tliey are also 
occasionally run on coke-oven gas. In this casej means are provkied 
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for iidinittiiig curtain proportion of cooled inert’exhaust gases 
along with the air, in oi'dcr to dilute the mixture and counteract the 
tendency to pre-ignition, due to tin* high percentage' of hydrogen 
contained in this gas. Unfortunately, no particulars are available 
as to the actual pc'rfonnanc.e of these engines; but the author is 
infoi-med, on exc.ellent authority, that the mechanical efficiency 
exceeds 90 per cent, which is a truly excellent result, though 
by no means surpiising in view of tin; general design o.t the engine. 
Engines of this type have be^bn^:*, deservedly, very popular during 
the last few years^, and have proved tlieiiiselvgis formidable com- 
[letitors t(> the large, slow-running,, double-acting engines, which 
represent tin; accepted ty|ic bn the tJontinent for all large powej's. 



CHAPTER XXIV 

LARGE GAS-ENGINES 


In ciises where very powers .lire riHjuired, the use of nn- 
eooled pistons becomes iinpi'aQticjibie, for it is impossible, under 
normal conditions, to olitAin wore tluin aliout 150 B.FLP. from a 
siiip,le uneooled piston, owing to the great difference of teinprirature 
bclween the centre ayd the circiimfereficc^ of the head.. If nny 
attempt is made to obtain liigher powers from nn uncooled piston, in 
any engine of normal design, the central jiortion of the piston is 
liable to* reach so high’ a t(.1npei‘ature as to set uj) premature 
igniLion. .llso, the ('.onsidi'.rable expansion of the centnjl part' intro¬ 
duces stresftcs in the imdc'Hal, of such magnitude that the piston*is 
liable to fail from temperature alone, ^ven without the application 
of aAy pressure. If it be acci'pted that 150 B.Il.P. is, at the 
])resent time, the absolute limit of power obtainable from one 
(wliiulei’,*th(*ii it is clear that any ima-ease of power can only be 
obtained by increasing the number of cylinders; and several linns, 
(‘sjiecially in tjiis country, are building engines with as man^^ ns 
tw(*lve cvlinders, simply in ordci’ to retain the use of uneooled 
pistons. This multijdica’Hion of cylinders cannot be continued inde¬ 
finitely, for, bevond a certain point, it introduces giVat ditficultles 
with regiii’d to the rigidity of the craidishaft and crank-cha.mb(‘r, 
and also with the eijual distribution of gas to all the (vlinders. 

AVat(‘r-('.ooling of the pistons is Uy no means an easw matter, )^)i' 
the wat(U’ must be circulated at high pressui'e,^aiid must b(* admitted 
and withdrawn through tele^j,eol)ic or rocking joints, all of which ;;re 
liable to h‘ak and give trouble. If the pqwi'r ivquired is so givat 
tliatfwater-cooling of the pistmis must be resorted to, tln^n it is genej-- 
ally agreed that it is advisable emjiloy the donl*)le-acting pi'in- 
ciple, in ordiT that the same weight of pi.'jton may re(^eivjii,doul)1e 
the nuqiiber of impulses, and so reMuce*the^ratio betwec^i the inertia 
and fluid prgfSsure. By the emplojmient of double-jicting cylindp, 
better use is mad(' of the material, and the host and size* of. such 
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parts as tlio IxMljjlate, (‘laiilvshaft, and coiiiieetiiig-roii are relatively 
very much 10 (Iu(mm 1 , since they actually remain practically the same 
whether single- or double iK'ting cylinders are used. There is, of 
course, a considerable incieast* in the amount of machine work and 
fitting, but tliis, in a large engine, is more than compensated for by 
the reduction in the weight of material. 

'fhe whol(! (question of single- versus doubh'-acting engines really 
resolvesMtself into one of cost of pi'oduction. So long as a plain 
iincfioled piston can be nsiuf, singh'-acting prin(*iple is the 
chca})er; but so suon as it becomes necessary^ to water-cool the 
pistons, then it generally becomes /h'sirable to use the double¬ 
acting princi])le. In'very I’arge engines, of from 1500 B.ll.P. 
and upwards, theiv is little doubt that ^In* doubh*-acting princiiile 
is the^ chea])cr; bu't for ])owers of from 3O0* to 1500 B.ll.P. it is 
still open to (pie>tion w-he'rher it is not ',^im]»ler aud eh'eajter to 
i‘m])lov a humber of single-at'ling (‘vlinders with uneool(*d ]>isloiis, 
Aliieh. of course, depends np<nj the pui'posc foj' wliich‘tin* engine 
is riMjuircd, and the tool'^. t'ce.. at tire ma,n*ufacturcr’s dis])0sal. For 
such ()urposcs as driving electric gcinaators, it is probal)]c that the 
advaniag(‘ li(‘s with the multi-cylinder single-acting engine, because 
siicli an engine can run at*a higlier rotati\(* speed, and so r(*dnee 
the cost of the gciHMator. For this pin'post*, singh'-acling engines, 
in jx/wers up to 1500 B.II.F.. with cylinders up to about :2li-in. 
bore, are fin^jnently enij»loye<l. lM»r driving bloiving tubs for 
blast-furnaec". the double-acting cngiiK* lias a great advantage, 
on iiecounl of its lower speed, ainl tin* Use of a pjston-rod wliicli 
can casil\' be extended to (‘ai’iy the blow(‘r ))iston. 

Tin' use of large gas-engines, of 150() horse-power atid upwards, 
is*practi<'allv»i'estricte(l to iron- and steel-works, and collieries, wlicre 
waste gases are obtainabh*. In a few eases, large ])rodueer plajits 
liave been laid <lo\vn; lint apjiarently they do not compare favour¬ 
able w’itli steam jtlants, when fhe capital cost and maintenanee over 
a long period are taken into <-c»nsideration. Unlike the steam- 
engine, the gas-engine <lo('s not beeo'iiu^ ap[)i'eeiably more eeouomii'al 
as tlie size is increased. Consequently, altliough in small pow-ers it 
is far inoi’c ceononiii'al than tlie steaiv-cngine, in very large powers 
it do(!S not retain this sidvantage ,to anything like the same extent. 

* CQi^tinental Designs.- The huge Continental four-cycle 
double-aetiqg engines all follow the same general design, wdiieh has 
now become pr/ieticalB’ standardized. Such valuations as th(*re are 
are ifstricjted to si/iatl ‘details.' siieli as tlie ojuaation of the valves, 
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ultliougli the lUituiil coiistrnction of the cylinder Ijody is a point on 
which tlieic is still a consideraldc difference (jf opinion. These large* 
engines arc almost invarial)]y built in tlie tandem form, for the 
obvious reason tliat tliis form gives one im[)ulse at every stroke. 
If only a single cylinder were. em[)loyed. there would be two impulses, 
followeid by two idle strokes, a eojidition wliieli would necessitate the 
use of an euoiinous fly-wheel to obtain anv reason/ible dejiree of 
regularity. .The addition of a second cylinder, in tandem with the 
first. <loes not involve an}* a])pr;‘c.iifble in(*rease in the scantlings 
of th(‘ beilplate, cr;jnkshaf‘t, or connecting-rod; hence, the power can 
lu! doubled with an increase*, <jf piobahly only about (!0 per (tent in 
the cost, to sav' nothing of thv* mme*regular’tinning moineiit, and 
the higlier mechanical eflicienvy which tlie addition of a second 
cylinder affitrds. 

In the vei'v large eijgines it is usual’t<i enijiloy two t.indeni s(*ts, 
coiiplcjl togelh(‘r with tin* lly-wlieel and electric generafor (if any) 
hetween tlie two, following the usual design of a cross-compound 
stcani-enhiin*. Since tln'Mcsigs of all these huge engines is so much 
alike, it is ])ro[)<iMMl to laki* one I'xamph' and examine it iit some 
<letail, rather than devote much spac<‘jo deseriptwais of the produ(*ts 
of a numbei’ of <litierent maniifaeturt^s. 1'he design a^ipeais to 
ha V(“-■*be(*n originated hy tin* Deutz ('ornjiany. of Cologne, who, 
alter Imilding a considerable number of large double-acting engines, 
resorted "to the smaller single-a<'ting ty])e. for tin* manufacture of 
which their plant is very miu-h better e(]uipL»ed. 

()m‘ of the first companies to realize the eommer<-ial fiossihiUties 
of tlu^ Deutz doubh'-aeting migiuc wais the firm of Erhardt Sehmer, 
<if Saarbrueken. (lermany, who started on the manufacture of this 
type in lJ)0:b and u]) to April, IDIli. had turned ouf*no le.ss thfiii 
1 I (i engines of an aggregate horse-powi'r of 1 (is.OOP H.H.P. Alcssrs. 
Krhai'dt & Sehmer startl'd on t’he lines of the l)(“u1z (Aunjiany; but, 
with the hel]) of their very capable (‘iigiueer. Herr Drave. they have 
succeeded in both iiujiroving u[ion anil siinplityiug^ the original 
design to such a degree that^the latest type (>1 Erharift & Sehnmr 
gas-engine is pi'obalily the simjilest and best of au\' that have been 
huilli • . • » 

A 2200-B.H.P. Engine. — I^I fig. 147 is sliowu'a twice} linder 
tandem Erhardt & Sehmer gas-engine, of 2il00 lkTl.P.,^ruTjning im 
bhist-furnace gas at a French iron * aud*steel-w’orks. ^ 

Ij] very large gas-engines, such.?is are now undej- discussion, the 
main source of* trouble is that due* to un?(^ial exjiausiim oj fhe 
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Viirious parts when subjecjted to the very Iiigh temperatures of the 
woiking fluid. This troul)](; is, naturally, gi-eatcst in the cylinders, 
which, in the first ])laec, must bo secured in such .a manner that 



they ar «4 free *to (‘xpand in any direction.* Tlui great thickness of 
n'M'tal jjfccssarv to withstand the high ])r<‘ssui<‘s wliicth occni’ under 
normal ruiv'.ing conditivnf’, and*'tlu‘ <‘V(‘n liigiici" pr<‘ssurus which 


may be .set uj) in the 'event o,{‘ severe. ])rc-ignition, Jesuits in a very 
ef)nsi»leiabh‘ difi’eicncc of e.\])ansioji between (he inner and outer 
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surfaces of the cylinder walls, with the result that, althoucrh the 
outer surfaces are in tension, 
the iim(U‘ surface may, owirjg 
to its greater expansion, be 
in eompression. It is obvious 
that, after a certain limiting 
poijit is ivaebed, any further 
inci'('aso in >the tliic.kness of 
the walls will add nothing to 
their structural stlength, be¬ 
cause its value will be counter- 
acted by the stivere intmaial 
str(\sse,s set up by the uiKiqihd 
ex]>ansion. It is this (]uejstion 
of llie une(|ual expansion of 
the<‘ylinder walls which really 
limits the size of cylinders 
whicli nfay be safclv (un- 
ployed, for it limits the thick¬ 
ness of tig.* A\all,s ami, thei-i*- 
foi'c. the diametej-* of the 
cylimlt*rs. 

In large ('Ugines, the dif¬ 
ference bcTw('en tin* expansion 
of tin* t'ylinder 1)arrel a,ml 
tlic water-jackel is ol' (juiti* 
a large ordei', and (-arc must 
b(‘ taken to (‘nsur(' that *no 

extra stresses aiv thr.nvn upon the cylinder pr..por bV the jacket. 
It is in this tlirection that the 
vi«‘\\s of Aarious nianufactui(*rs 
ditfej- considerably. In the 
Erhardt Selimer engim* the 
]m)bl(*ni has b(*eii dealt with in 
a most cajjable manner. d'he 
cylinder propt*i‘, which also coi?- 
tains tin* Aaiv(* ])ockels, is con¬ 
structed in two halves, btdted 
tog(*ther» round the centre, as 
shown in tigs. 148 and 149. 

Each half includes a portion of d 



Fw. 148.—CMmili'i- witli .liicki-'t Ciisintr n-niiivt'il 
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part is left open, so that 
it is free to expand in 
any diree.tion, and after¬ 
wards eloscd by a light 
steel jaelvot, also made 
in two halves, and kept 
Ava,tertight by means of 
rubber rhigs. '^Plie eyliii- 
der liner is of hard east 
iron.' and is provided 
with a small eentry,! pro¬ 
jecting flange, elamjjed 

between tiie two halves 

#) 

„of tin* eylindt'r, so that 
iit is li(*ld at the centre 
and is free to e.xpand in 
eitlu'r direction. The 
wlmle construction is 
both simple and in¬ 
genious, and permits of 
tlu!ifj-ee expansic»n of the 
liner and cyliinler*body. 

(beat care is tak(*ii to 
('iisure that the thickness 
of metal thi'oughout the 
whole wf the c,vlinder 
shall be uniform, and 
that tlici'e shall be Jio 
sharp <'ornei‘s o]- abrupt 
changes of .section, from 
Avhich cracks inighteasily 
start. The c.Adinder end- 
covers are jm'rely ])lain 
water-jacketed plugs, of 
the simple.st po.ssible 
form, and call f6r no 
s])eeial comment. 

Gene!;al Design. 
—Tlu^ general design’ of 
this engiiK* is well illus- 
trat(!d in the sectional 
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elevation (fig. 150), vvhicli represents a two-eyliiider tandem engine 
developing 2600 B.H.P. at a normal speed of 90 R.P.AI. The 
engine is hnilt up of five diffennit seetions, bolted together in a row, 
so that th(‘y are all free to expand longitudhjally. The main frame, 
wliieh is shown in fig. 151, forms the first section. To this is bolted 
No. 1 eyliinler, followed by a distance-piece, then No. 2 evlinder, 
and (finally) the rear cross-head guide. The pistf)n-Vod is drilled 
for tla^ passage of the cooling-water to and from the j»istAns, and 
is i-arried on tlir(*o slipj)ers“ one -pf Vhi('h forms th(‘ main eioss- 
head. Tlie pistons»tliemselves are comparatively shdrt, as in steam- 
engine practice, and do not bear upon the walls of the liner, but 



Fig. 3r»l. -Frame witli (^ninsljjift 


are sni>ported entirely by the jhsion-rod, which is of snflicieit^ly 
large diannger to <‘nsure against sagging. 

’^riu' valves ar(‘ airangod in ])Ocl<el.s, the inlet valves above and 
the exhaust valve's below, and all are operated from a'*single sidi*- 
shaft, as in the usual horizontal-engine practice. The cylinder 
coAcj's are 2)la.in water-ccatled disks or plugs, \Ahicli can he ri'inovcd 
without disturbing any other part of the ('iigine. ^ * 

The main frame is somewhat similar, in general design,.to the frames 
Used in ordinary single-acting jioVizont a I engines, excejit llia^ it doe*i 
not include the cylinder-jacket. The main bearings are ]ine<l with 
white^uetal, and are lubricated*vfndcr pressure. 1’lu' beating-shell is 
made in four siictions. as i,'? usual in,large steam-(*ngine praetjee, tin-, 
vertical section being adjusted by means of we<igcs. 'fhe fijst ..section* 
of t*h(' side-shaft is (‘arried in bearing* mountcfj on the sitlej^f the main 
fruiiK', and provided with ring lubrication. Tt i.s driven ^ioin the crank¬ 
shaft by means of'.spiral gearing. The* .secoinf !?ection. which »‘at»rie.s 
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Fig. — I )istam;i‘-jii<‘Ci 


the vulve-operatiiig cams, is similnrly mounted alongside the cylinders, 
and on a level with tlie centre line. It is driven from the first sec¬ 
tion ])y means of spur gearing. The distance-piece between the two 
cxdindors, a plain cylindrical liarrel, inacliined and spigoted to 
the two cylinders, is sliown in fig. 152. The upper part is cut 

away, to 2 >ermit of inspection 
of tlic piston-rod, stuffing- 
glands, aTuI slippc)-, and rein- 
fbrct'd by steel connecting- 
stays. The lower part of the. 
>distan(‘e-pi(M'.e is inachiiK'd con- 
('ciitric. with the rod, to form 
i. ‘slide for tin' piston - rod 
slipper. At the after-«'nd of 
the sttcond eylinder fhcj-e is a 
some\\hat similar ]u<M-e, which 
also contains a slide for the. 
tail-rod slipp(*r. 

The efaidcshalt itself calls for no particular comnx'iit. It is 
naturalJ\' of vi'rv iMassi\e (‘(instruction, and is ju'ovided with heavy 
balance-weights. In this particular engine thi* shatt is 1‘oi‘ged solid, 
and cast-iron balance - wengbis attaclu'd. but the practi(_*e of using 
built-ui) crankshafts is sbaidily gaining ground. '1 ht* c(mne(*ting- 
rod i.s a ste(d forging, forgee.l in one ]*iece with the )iig-e1id be/iring, 

which isaft(‘T‘wardssplit 
and lined with white 
jiK'tal. The small tmd 
of tlu' connccting-r(.)d is 
forked,and carri(*sa. har¬ 
dened steel Cl‘Oss-hea.(.l 
]»in which is rigidly 
attached to the coiiiu'ct- 
ing-rod, and mounteal 
in bearings cari'ied bj' 

. the cross-he,ad. 

The. ])iAt(jns are? of casliron, ca.st«in'onc piece, and niacliifccd all 
over o tcrnally. They are; Ijori^d out to* a. go(.)d sliding fit on the 
piston-*rod, and are h^dd in ])lace between a conical collar and a 
c(»nical ni*^, sc-iewed (gi to thd piston-rod, as shown in^tig. 153. 
4^ A'cry liberal clcai'iuice' is, allowed between the piston ami liner, 
so that there shall lie, no a(;tual 'contact. The pistfrn-rings are of the 
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ordinary Ramsbottoin type, and have ho unusual features. The 
piston body is, of course, water-cooled, tlie water entering and leav¬ 
ing through the piston-rods. Although Messrs. Erhardt & Selimcr 
adherc to ciist iron for tlie pistons, many other makers prefer cast 
steel; and, in some 
instances, forged 

gards unequal expan- 
the piston is 
same. 

conditions as the 
(‘.ylinder, but it is of 

a verv much moi*e '‘■...■A 

sv]nin(4iHcal form, 

and, m01CO^el, th( J,'jg 154 .—Piston-rod CoujJing-with Cover lifted ami Hods H(>]i,iratod 
rate of htalt-llow is 

less inteiftst* than in parts of tlu'. cN'lintlej- body, so that the problem 
is by no means so ditticnlt a one. The |)iston-ro(! is made in two 
sections, and is of high tensile stt'cl, machined and ground all over. 
It is of A'ciy liberal dimensions, to (‘ns«m‘e against sagging tind to 
resist «ithe severe rever.saTs of stress. 

Tdie method for coupling the various sections of tlie piston-rod 
is shown'ki detail in I , 

figs. 154 and 155. 

The ends of the rods \ 1 1 - 




k' ■ 

IIM 1 


1 

IIIIB 1 

L1 




aiv screwt'd and yiro- - j j i||' | |j|| 

with nuts, each 1 / |_[])l!)jl|lj|p||jl|j|_l 

of which has a con- | 

centric groove turned —i—r-C^ — 

in it. Th(‘ slipper, or t 1 f j l . jj I . | . . -p . J 

cross-head, is fitted j ' I * ) ' 

with a detachalih' J [ ' ^ ^ 

ca]), provided with in - ^ _ •* Tv _ 

ternal flanges wliich ‘ i.v,.--i-u..u.ro.i coupimi 

fit into these grooves. . 

The nuts are first screwi'd on to the ends of the piMoii-rods and 
tlie ca]) bolted in phu*.e. Tiny an* then tightened nyi until ’fhe two 
faued ends of the rod butt firmly tcigethfr. I’liiif lotli the compres¬ 
sion and the tension y)ressures are taken oidai'jyile surfaces, and the 
whole joint is one that can be quickly‘»!*md easily dismantled. ■* 


I'lj;. J.V».-- i’ihtoli-l'ud Couiiliii^ 
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Water-cooling Arrangements. — For the cooling of the 
pistons, water is feil under pj-cssure to tlie middle of the piston-rod, 
close to the central slip].H*r, by ineaiis of walking beams, which 
consist of a number of links forming a kind of i)arallel motion. At 
first sight it would appear that a linkage arrangement such as 
thi.'', involving a considerable number of oscillating joints, each of 
which must be packed, would involve a great deal of h'akage. In 
j)i-actiee,*'ho\vever, very little trouble is cxjjcrienced, and this system 
has been fomid to give much ITelter resTilts than the i)lain telescopic 
pi})cs, owing t6 tl«^ high tubbing velocity thiiough the stuihng- 
glands in the latter case. . 

Piston-rod Stuffing^glandg.' The stuffing-glands consist 
sim]>ly of a large nunibei' of ordinaiw cat^t-iron rings wliich contract 
on todbe rod; but at the extreme outside^of each gland a pair of 
white-metal packing ringft is fitted, in A ery .much tlu' same'maiinei- 
as in steam-engine ]>ractice. For the sake of convenience, the cast- 
iron rings arc foiined into thr(‘(^ or four s(*])arate groups, each of 
which is mounted in a separate s])li*i housing. The grooAVs in the 
housihg are, of sutJicitait depth to allow of movtuniMit of tin; rings 
dfic to th(‘ sagging of the jvston-rod. This form of gland, which 
is used by practically all mtdcers of doubh‘-actipg engines, is simple 
and satisfactorv. As a general rule, these glands jA'inain tight for 
fairly long periods, ])rovided that the gas is reasonably clean. It 
is interesting to insj)ect the glands of a battery of blowifig-cuigines 
after, say, three vvctdcs’ continuous blowing. Undtu- these severe 
coiplitions, the author has generally notc'd that abput aO per cent, 
give no indication of leakage, another 40 per cent will be blowing 
percejjtibly but not seriously, while from*'.5 to 10 jter cent will Im'. 
leaking to sftch an extent that tlie leakag(j is audible from sorin' 
considerable distance, although, expres.sed in ti'iins of percentage 
of the cylinder volume, it probably'does not amount to anything 
serious. On the whole, it miv fjxirh' be said that although the 
piston-rod stuffing-glands demand very acaairate work, a,nd are 
somewhat complicated and expensitc^ the}' cannot be regarded as 
a s('i-ious source of tro.uble. Other mak('i‘s of large: double-acting 
engines employ very much the sahio fbrm of stuffing-gland} ami 
such va;.iations as tln're ai-(' aflv,ct only 'the small details of con- 
s'tructkm, ipnl tin' hcu.-^ing of the rings, but not the general design. 

ValveSrr—The inlet yalves usl*d in this engine an* of theprdinary 
conventional design, and carry ii-separate gas valve m,ounted on the 
same spindle, as is u*sual in Inui'zontal engines. They are operated 
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direct from a cam on the side-,shaft, through the medium of a short 
rocking lever; but, unlike mo.st large, gas-engines, rolling hMer>s 
are not emj)loye(i. Me.ssrs. Erhardt & Sehmei' explain that they 
pi-efer the direct operation from a cam rather than any svslem 
of rolling lever,s and eccentrics, l)ecan,se the latter (li'pend upon 
V(‘ry accurate adjustments, ■which are lialdc' to be np,set owing to 
slight altei'a.lion,s betw(*cn the relative ])(),sition of the cylindiU’S 



Fin. iSi'ctioii of ('yliiKler iiiid V.ihcN I'ij;. Exliauht \'nlvi 


The exhaust valves, evim in'.so large an engine as tliLs, arc not 
water-cooh‘d, i)nt vei'v great care is tak'Ui to ensure lliorongh coolim*’,'' 
both of the exha.iist valve-.seating and guid(‘, in order to abstract 
heat from the head and stem as rajiidly as po.ssil)le. ^Fronl the cross-, 
section (hg. 15fi) it 'will b(‘ .s(;en that a small duct is coj-cmI round the 
valve-,iieating, just ladow the actual working face, ami lli«t water is 
led up to this duct by means of a .small intm nal j)ipe. 'The exhan.st 
valve-.seating and cage is an entirely separate |)ie(*e, whicli can, yasily" 
be withdrawn for in.spection or cleaning',' and has its own indepen¬ 
dent .sy.stem of water circulation. Tin* exhaust waive iy.self is sliovvn 
in (ig. 157. The .stem is of steel, tfnd the hc^ad of hard ca.st ir.oig 
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screwed and riveted to the. stein. It is opc'vated from the same (iam, 
and in precisely tlie same, inanner, as tlu' inh^t valve. 

Governing.- -Tlu* cneimi is controlled by throttling both the 
gas and air. Separate gas and air inlet pijics are led to each valve. 




///y 1: il 







Vx\> 





and each individual pipe is litted witli a bntterHy throttle valve, all 
of which are coniu*cte<l together and controlled by the governor, as 
slntwii in hg. 108 . The 1 dative [lositions of the butterfly vajves 
arc so adjusted thatt the first jpovernent of the governor cuts down 
the gas suiiiily. but-does ndi. appreciably affect the air snjiply, and 
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this is continued until the mixture is at the lowest limit that will 
ensure regular and reasonably complete combustion. After this 
point has been reached, the further movement of the governor cuts 
down the supply of both gas and air in more or less equal pro¬ 
portion. This system of governing is at once simple and efficient, 
for it provides qualitative governing between, the limits in which 
such governing is possible, in an engine in which therelis no stratifi¬ 
cation, and thereafter the governing is quantitative. Each liutterfiy 
valve is capable of independent li^nd adjustment, so that the 
mixture can be adjusted for eacli combustion cliapibef. "^uch adjust¬ 
ment is always necessary, on account of the disturbing effeeX of 
pulsattons in the inlet and exhaust pip^s. ThGse effects do not vary 
iji a “constant-speed” (‘Ugiije, and when once the correct adjustment 
of all the throttle valve's has beem found, it will‘’r(*main eorreeX so 
long as Xhe spe'.ed of the (‘ugine is not altered, and so long as the 
heating value and composition of the gas remain unifonfli. 

Ignition. —For ignition, the Lodge high - tension system is 
(‘inploycd. This consists of an .ordinary high-tension trembler-coil, 
working in conjunction with a condenser, and gives a ver^" hot spark. 
Each combustion cliamber is fitted with two igniters, connected ,i,n 
series, in order to igniti' the gas sirnulteneously at two points. No 
attempt is made to place the igniter in the inlet-valve pocket, prob¬ 
ably because it is considered unsafe, to ])ieive the eylinder wall at 
this pointy whe.re the internal stresses are ueec.ssarily v(‘ry severe. 
'Fhej’e can be little doubt. liowcNor, iJiat if the igniter were placed 
in the inlet-valve pocket, (pialitativi' governing (*ould +)e. eaiped 
considerably further, and tb(‘ efficiency of tlie (‘iigiiie (on meditim 
and light loads) substantially improvc'd. 

Efficiency. — Notwithstanding the very la,rg% number of 
double acting engines whicli are jjow in service', there are ])raeti<‘ally 
no re'liabh* records of fuel ce)nsnm{)tion available. This is largely to 
be accounted for by the very great diffieiilty in measuring large (piav- 
tities of gas at a. low pressure', anel when subjected tei vie)leut 
pulsations. From a therum-elynamie* [u^ijit e)f ^’ie'w* •tlic.^^e* lar^e 
engines arc piobably not very effie-ient, be'e-aiise the vshajH? of the 
e'.omlyjstie)!! chamber is far froim favourable, and the ai'o^i of exposed 
surfae*,c is very large, while the large valve })oe-kets»are so placcel 
as to interiere with the fre'e* eureiilation eef tlie gases duriTi^ com- 
bu.stion, anel elelay the*. propagation.,of the* Haflie. Messrs.* Frliarelt & 
Schmer‘guaiantee that the fuel consnmptiem slndl nen exceed 
8000 B.T.U.s* j)er 1.11.1*. hemr oj': a.iy gas that the engine's are 
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ilesij^ued to utilize. This is not a very higli figrtre, and corre¬ 
sponds to an indicated tlierinnl efficiency of only 32 per cent. 

The only authentic test, carried out on a double-acting four¬ 
cycle engine, that the author has ])cen a])le to tiace, is one made 
on a small tandem Erhardt & Sehnier engiiio by Professor Matliot, 
in ]!)()(), and ab'eady lefened to in this volume. This engine had 
two eylindei*s, each of 24’4-in. bore by 29‘r)2-in. stroke, and 
devel(>]»^*d (500 B.ILP. wlieu running at a s])eed of, 150 R.P.M., 
with a consumption of 17‘8 *»‘u.^ ft. ])fr horse-power hour of eoke- 
oviui gas having a calorific value of 4(50 B.l\U.s ]hm- cubic foot. 
This corresponds to a brake fbermal efficiency of 31 p(‘r cent, which 
is certaiidy an excellent resifit. Tlxi niecdianical effici<“nc.v ifi gi\'(*n 
as only 83 per cent, which seems njuch^oo low a ligure for such an 
engine, in which the piston friction is i-educ^Ml to a ininiinum both 
by the use of an external'ci'oss-liiead and by^lhe high I'atio (jf Huid to 
inertia pressure. If Professor JVrathol's figure of 83 pc'r cent b(‘ taken, 
then the indicated thermal efficiency beconnvs 37'4 ])er i'ent. Since 
the fuel used contains .sonu* 50 ta (50 per cent of hydiogen, the 
comjiression ratio could hardly Ijc higher than 5'(5 ; 1, corj<'S])onding 
to an air standaid elliciency of 50 ])ei' e(mt. Now, in a four-cychi 
engine such as this, the N‘lativ(' effii-ieney could not j)ossiblv l)e 
higlu'r than about 70 ])(M‘ cent of tln‘ air staiidai-d, whun the 
unfaiTourable shaja* of the (‘ombnstion chamber is laken into con¬ 
sideration. The indicated thermal elliciejjc.y. tlKurfore.^oOuld not 
be higher than 35 percent, which Axould give a mechanical effi<-iem‘y 
of #SS‘G per cent, and this is probably much ncarei'the actual tiaith. 

In the ca.-e of large engines using l)last-furjia(ie gas. with wljicli 
a compression ratio as high as 7 : 1 can, be safely employed, it. is 
.■-tid that bi-wke thermal efficiencies as Jjigh as .33 ])er cent have been 
recortled in actual tests. This is, of (-.ourse, ]terfectly po.ssil)le, but 
the tests referred to ain; not aulhontai.i\e and lack confirmation, no]‘ 
i.' it easy to .■^ce Ilow eitlicr tl^e <|uantity or tlie heat \alue of Idast- 
furnace gas could be determined accurately. 

In the.se very larg«' engines, no attcunpt is usually made to work 
with higli m(*an pressures on account of the high bunpei-atures in¬ 
volved, and the usual Continental* practice is to ('inploy a (inean 
pressui-(* of a‘»out 70 lb. per S(jnare in'cli foi‘ ])ooi- gas, such as 
|)i-odu(;e,r- and blast-furnace gas, and al>out 80 to 85 lb. per square*, 
inch when u.sing cok(‘-oven ’gas. » 

It is obAUOeus that the thorough cleaning of the gas is a con- 
si<‘l(*i;ation of the vefy^first ii'iipOrtance. Most w.aste gases contain 
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provision can be made for the different expansion of the water- 
jacket and cylinder barrel. 

Another feature of interest is to be found in the exhaust valves. 



' r r 

iron heads.. The head.;;; ii/ tlii.^;' case, howevesr. arc provijled with 
skirts which fit loo.sdy over the water-c.oo]od valve guide*, and thus 
protect tlie stem fibnV the ero.slve effect of the blast of high-tem- 
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jierature gases. Both the inlet and exhaust valves are operated hy 
means of eccentrics mounted on the camshaft through the medium 
of rolling levers, as shown in fig. 161. The admission of gas is con¬ 
trolled by sleeves mounted on thi‘ main inlet-valve stems. The.se 
sleeves are provided with a numbei- of ports which register with 
corresponding ports in a fixed liner, when the valve is opened. J n 
almost iill othei' re.spects, the NUrnberg engine i^.scmbles the 
Erhardt-ScliHier, and practical!}' all other European designs'Vjf large 
four-cycle, double-acting engines. 

The Snow Engine. —In the largt; gas-engines l>uilt by tlie 
^now 8team-Puinp Company, of Biifhtlo, L^.S.A., the conventional 
design has been departed fi-ont, and the valves are placed in side, 
pockets, with the inlet arrilnged V(!rtica11y over the exhaust valve, 
as in the National and other vertical ('Ugines. The chief advantage 
of this design is that i*" makes it po.s.sible to place both the inlet 
valve ainl the igniter in a pocket, and thus allows of better 
ooverning and better efiicieuev on light lo.ads. On the other hand, 
the pi'ovfsion of a side pocket, of the depth nece.s.sary to accom¬ 
modate the vah'cs, and the extension of the water-jacket in fU'dcr 
to embra(;e this ])Ocket, mast lead to very sev'ere stre.sses, due to 
uiKspial expan.sion, and there is a eonsideiable danger of cracks 
devel<f|>ing both in the cylinder body and the water-jacket, at the 
point where the pocket meets the cyliiidt'.r barrel. 

In tire'fSium, as in most other American engines, an overhung 
single crank is emj)loycd in [►lace of the more usual double crank as 
used in Europe. 'I’he ai'gumcnts for and again.st this practice are, 
of course, numerous. The American .system undoubtedly admits of 
tli(" use of a vei'V much cheajier t-i'aidcshaft and connecting-i’od. 
(-)n the other hand, the weight of the main frame is enorinonsly 
iiiereased, sini'e the stre.sses are not transmitted directly down it. 
In the large American gas-eugmes, the crank disk, bahiuee-weight, 
and erauk-pin are all east in one ])i ‘ee, in mild steel, and a ea.sl, 
mild-steel eonneeting-rod is al.so generally u.scd. Thi,s free use of 
east steel (certainly reduct's the cost of the engine, and a])]jear.s to l.c 
entirely .satisfactory. In Europe, however, few of the manufacturers 


have«yet acquired suttieient cenridenee iu mild-steel (‘astiugs to risk 
their u.se in such vital parts as the e.onneeting-rods or eiaukshaft- 


journals of a largo gas-engine. 


is eouscr''atism mav bt' smtirely 


without ,justifieation; but it inu.si also be re'membor( *l that, as a 


general rule, more is expected of a European than of an .American 
engine, and breakdowns are taken more seriou.sly. On the whole, 




^ it) |juriiabbiuii uf thk. iiibtiiutiuii oi Mtu hdiucal r.neuKM rs 

Fig. Jtil*. -IL’OO-H.r. Si’igli'-ciliiKlci J.)(nible-acting 33ngiuc ilriving a Southwark Blowing Engiiii- 

/ 

the Uirire uas-ciJL>:inc, in Ar.ierica, hii.- liccii '.nnro or ](‘ss ol a tlis- 

_ _ appoiiitmeiii. 

^ Cockerill Double-acting 

= 0 I Engine. — Tlic Soc^ietu John 

(^K horil], of Serai no; {near Lieoc), 
I ^ lK*]o;iuin. was one of llio first 

^ ^ ! iirnis to eniliaj-k on tlu* eonslrne- 

u/ \\ large gas-eugiiies for hla.st- 

fiiriijiee. gas. and this i‘ori])any 
Kj 1 created soinewliat" ol'a scjisation by 
■ exhibiting at raris. as h.i.g ago as 

^ * JSfek i a. singlc-eybiider. singlc-aet- 

lour-cye.le gas-engine of GOO 
Thi.s engine had a cylinder 

JW peiiiiiMiion of tlic Fust ofM'’(h ling I . i' • 1 j • ^ ^ 

and oost (>| a single acting engine, 

Fig. 1l>3. CroBs-soction of CS’linJer, showing i- , i • ' • ' j. 

Valve Oenr <*' 1 his (‘r.(»rinons Size, were so great 

« tliat it could not coinptdc with the 

donble-aeting typi; wJiiejj yus I)cing dev(‘lop(Ml in (Jerinany. The 
Cockerill Coinpany, liow'evcr, lost very lillh* time in bringing out a 
drfiible-K-ting engimx on soinetvdi.'.t similar lines to tlie Coririan type. 


« naaftHT.^ 


Jly peiiiiiMiion of tlic Fust ofM''<h ling 

Fig. 1l>3. (’ross-sc:ctioi) of CfylinJer, showing 
\'alve Oenr 





LARGE GAS-ENGINES 


375 


Au example of one of these engines is shown in figs. 162 and 
163. This engine, liowever, lins only a single cylinder of 51'2-in. 
bore, and 55'!-in. stroke, and develops 1200 ll.H.P. when running 
at a speed of 80 R.P.M. As a general rule, two such cylinders are 
used in tandem, and this is rathiM' an exceptional case. The 
engine shown is directly connected to a huge blowing evlinder, the 
piston of which is mounted u])on a continuation of th^inaiii piston- 
rod. In most respects, the Cockerill double-acting engines*conform 


to what may now be regai-’ded ag standard pinctice, but the con¬ 
struction of thc‘ fivimes is somewhat differemt. TliesV*. consist of two 


Jong box-girders, whi(‘h arc (‘avj-ied the whole length of the cngiiu', 
and between which the evlindcr^j are bolUid, as shfown in the section. 


In order to ])crmiL of free*('X])iiuision, they are held rigidly by the 
middle point only. * , , 



i CHAPTER XXV 

THE GOVERNING OF, GAS-ENGII^ES 


A good deal has been written from time to time about the 
goviu'iiing of gas-engilies. l^he vai‘i(,)iis systems have already lu'cn* 
diseiiss(*d from a tlieoretiearpoint of view„and it only remains, in this 
cliajjter, to eonsidf r the practical applications and the mechanical 
featui’es of these systems.. It has ab-cjuiy bhen exjdained th/it there 
are three k^adinu; principles of c(tntrol:— 

1. “ Hit and mi.^s ’. 

2 . Quantitative or thi'ottle govc'rniiig. 

' 3. Qualitative govm'iiiiig. 

• 

In the first principle, fhe (piantity of gas admitted at every 
firing stroke is always tin* sanii', and th(^ sjieed is controllkl by 
varvihg the number of powi'r stioki's. A sejiarate valve is used 
for till' admission of the gas, operated from the camshaft throiigli 
the mediunrof what is generally tei-med a ‘‘])ecker”, that, is to 
savy a (his(*l-sliaped pi]sh-rod,^ hinged at one end and e.onnocted 
with the governor, so that, when the governor rises, the pecker is 
lifted clear of the end of the valve and mi.t.ses it altogether. 

* In the second principle, the goveiTior controls the quantity 
of both air and gas in eijual jiroportions, according to the speed. 

In the third ])rinci])le, the goA (‘rnor conti'ols the. supply of gas 
odly, the air,admission remainFijg iinrivstrieted. Mach of these three 
systems must be regarded from (wo points of view: (l) thermo¬ 
dynamic,^ and (2) mechanical. ‘ , 

Taking first the ‘‘lyt and miss” princi})le, and considering the 
thermodynamic point of view. In* afn earlier chapter it has‘been 
shown tjuit, when running on light loads, the thermal efficiency 
ot the* expansion stroke following a .siuies of misses is actually 
higher than t hen firing,at*(iveiy‘cycle, on account of the thorough 
scavenging and the excess of, aii present in the cylinder, and that, 
therefore, the indicated thermal (‘ffiei(me.y is greater on light than 
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on full load, though the difference is comparatively small. This 
advantage is, however, offset by the very much greater fluid losses 
during the idle, strokes, when running on light loads, w'ith the result 
that the net indicated thermal efficiency is somewhat lower on 
light than on full load. In practice, “hit and miss” governing 
is the simplest aiul, from a mechanical point of view, the most 
efficient principle of the three, but 
it is open to»two objections 

1. 'riie turning moment is^ very, 
uneven. On light loads there may 
Joe only one ])ow('r stroke in every 
six or seven cycles, and this’iji- 
volves the necessity for an^abnoj’- 
nially heavy fly-wheel’ ayul causes 
excessivV reactionarv vijnation. 

2. The engine is subjected to 
shocks of erjual severity whethc]- 
it be running on full load’or light. 



and the life of the bearings and 






other ])ar|s is less than when soim* 
iiK'thod of governing is i*m]»loyed 
whicli 2 )rovidfs an imjiulsc at eviny 
cycle. 

It is* on account of thes(' two 
objections that the “hit and miss” 
principle has Ix'pome obsolete, ex¬ 
cept for very .small engines, and 
even in that field it is now rapidly 
dying out. f / 

The mechajih'ul problems con- v. ' y 

nected with the ap})lication‘ of ^ 

“hit and miss” governing arc „ ... 

exceedingly .simple, for the gear ^ 

can be so constructed that the^ load thrown n))on the*governor ,is 
negligible, and the movement reijuired is so exceedingly sinall that 


very*close governing can bh (nl)t'ained. 

Crossley Governoi'. — In fig. Ifl4 is illustrated the arrange¬ 
ment ado[>ted by Messrs, (''ros.sley Brothcj-s [or their “hit ajul niks’” 


governed engines. In this case, the gjlsrvalve caj) is r^ovided with 
a wide flat suj face, against which fost.s^ a small* harde,^ied-steel block, 
suspended from‘the governor-arm. * Ohe side oBthis block has a .series 







378 


THE INTERNAL-COMBUSTION ENGINE 


of V-sliaped gioove.s cait in it, the otliei- side, bearing against the valve 
ea]), l)eing flat. The rocker from the arm carries, at its extremity, 
a light hanlened-steel “pecker”, consisting of a thin piece of tool steel, 
ground down to a chisel {‘flg(‘ at on(‘. end, and loosely pivoted to the 
rocker-ann at tin' otliei’. 'rin* Jow(!rsideof the pecker rests in aV-shaped 
guide, whose function it is to prevent it swinging sideways, and, at 
the same timt5. to alktw it a cei lain amount of lap'ral play, so that it 
shall always be able to iind its way into one or other of the, V-sha[)ed 
grooves in tin' gyvernor-blo('k,*and notiide on the top of tliem. 

In normal rtp(*i«tion, tin* peclo'i- ('iigag(?s th® go N’c in or-block at 
every cyi-h*, forcing it againsj: tlie, Hat, valve cap, and so opening thq 
gas valve; but, sf),sodn as^tlil* loa<l is reduced, and tlie speed rises, 
the governor slides t.he nrovabic blcy/k laterally and out of engage¬ 
ment of the ])<‘ckei\ so that the valve is not opened. WIk'ii running 
at normal s[)(‘ed, the j)evlver eithei* engages with tin; last* grooxe 
of the block m' misses it entireh’. the moN'ement. I'crpiired to 
dii1er(‘ntiate betwi'i'ii the two being almost intinitesiihal. \\’he,u 
the engine is st/ 0 ]»ped, the governor falls so far that- tin* block is slid 
out of enga,g(*m(*nt with tin* pecki*i‘ in tin* other direction, and all 
d.-tfiger of the (*ngine stojjjiipg accidentally with tin* gas ainl air 
valves open is thus eliminated. It is obvioys that, with this arrange¬ 
ment. the go\ernor is only called upon tf* move a \cry light*block 
thi'Oiigh an inlinitesimally small distanc.e, and that at a time when 
it is mei'ely “lloating ”. From tin* jioint of vi(*w of sensif,it(*.ness, it 
would be impossibh* to inijunve u])on this system. 

jQuanfttative Governing. There me ihrei*. leading methods 
ot <]uajititative, governing in general use:— 

1. By throttling the supply of gas and air. either by means 
of a single tfirottle valve controlling the mixtuiv, or by means of 
two throtth* valv(*s. oin* controlling tin* air and fjin*, the gas. 

'2. By varying the lift of the main inh*t valve, which, in this 
cas(*. is provided with a sup])lem(*idary valve on tln^ same stem, 
controlling J"!!!* g^is aebnission. 

• .‘t By varying the ent-off instead/of the lift of the main inlet 
valve, or bv using a suppleinentarv cut-olf valve. 

The first system is commonly em])loy(?'d for engines using town 
f^is, or,()ther gases whicli are comparatively clean and free from tar. 
AVhen ther«*-^s mucdi tar f)ii flirt k\ the gas, however, thrott^J ^'a]v(*s 
are liable to bi*come *cln'.k(*d aiM to stick, <-ausing thp governor to 
“Ihint”, ainl, in extr<‘niV casesf (*rttirely pr(*V(*nting it from i'unetion- 
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iiig. The use’of a single throttle valve*for gas and air involves the 
addition of a separate mixing valve behind the throttle valve, to 
d(‘.tormiuc the proportions of th(; mixture. Sneh a valve, as used 
by Chmsley Bros., is illustrated in tig. 124. The arrangement is 
simple and effeetive, and the governor is called upon only to operate 
a light, balanced, buttertly throttle valve, litted close up to the main 
inlet valve, d'lic mi.Ning valve takes care of the proportioning of 
the mixture^ and relieves the governor of all bijt the ope.’iiition of 
tin; single throttle valve. ■ Such an nji'angemeyt has also the 
additional advantajie that, in the event of the eHgiii,f!i being acciden- 
tfdly stojiped, the supjtly of _ gas is iuitoniatically cut otf hy the 
mixing valve. This, of ('oursc.^ is a ‘very important point in the 
case of small engines, which ar^* often left running unatbmdcd. 

in some of the hfrgei- engines in which throttle governing is 
employed, two throttle, valves are fitUAl.* one controlling the gas 
and the other the air. and both operated simultaneously by the 
governor, 'fhis ari'angement has decided advantages. The butterfly 
valves ca'n be so adjusted that’the first movement of the govei’tior 
all’ects the gas valve only, but not the air; this can bp continued 

until the mixture is weakened as far as is consist<Mit witli eein- 

• * 

j)lcte combustion, and. t]ier(‘at‘ter, the Kvo valv(‘s operate tf>gether. 

li? this manner tlu'. first reduction of the loail is affecreti bv 

•/ 

(jualitativo governing, until the limit of this form of governing 
is reacht-d, and thejeaftcr by quantitative governing ovei’ the 
remainder of the range. The effect 'of this is. of coi/rst;, that the 
maximum (‘tficienev is obtained at the point where the "qualitative 
governing ends, which is gmierally at about three-quarters of full 
load, the load on which most engines arc generally run in actual 
ser\ice. The use f)f double valvi's has aLso the advantage that ifis 
ver\' (‘asy U) vary the ])roportion fd‘ gas and air independently of 
the gX)vernor, or to adjust it s('parately for the si‘])arate cylinchirs of 
a. multi-c)linder engine, in which th£ proportions ai'(‘ liable to be 
seriously affected by tlu' ]udsations in the inlet piping. The 
objection to the arrangement lies in the fact that'thc jj^overnor hjis 
tu'o or moi(* vah(.'s to operate instead of oidy one, Wh^thej’ one 
or two valves be u.scd, thevi mu.st nece.ssarily be of .considerable 
size to avoid restricting ifhe supply, and foi‘ the .same reason their 
travel must b(5 considerable. This, of course, rcaluces tln^ sypsitiv^- 
ness of J:,he go\crning, and necessitates' *he use of a ^uy })OAveiful 
govei-nor, if a,nything like close g(h^u‘ning.js to be gijued at, unless 
some form of air or hydraulic r<-lav'lx* em])!!)^'!.^!. 
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Variable-lift Inlet Valves. —In mo>st of the larger engines 
using producer or waste gases, in which there is generally a large 
proportion of tar or dirt, the use of throttle valves is generally 
undesirable, and the supply of gas and air is controlled by varying 
the lift of the main inlet valve. For this purpose, an enormous 
number of different gears have been devised, some quite fantas¬ 
tically complicated. The fundamental idea of most of these gears 
is the ifiterposition of a lever with a movable fulcrum between 
the push-rod aivi the val ve. *' ^he ^ afrangement adopted on the 
Orossley engine* is ifhowii iii fig. 137, and this is* typical of modern 
practice. The swinging fulcrum-rod .is suspended above a curved, 
link, and vari(\s the lift of, tlie according to the position it 

takes u]j. This swinging rod is operaCed by the governor, and, 
during the period that the valve is seated, ^t*is out of contact w'ith 
the curved link, and is' floating freely, »io that it requires no 
aprireciable effort to swing it to and fro, and has no teiideiuiy to 
react upon the governor. This, of course, is oidy one of a whole 
legion of mechanical devices to obtain the same ol)je(it, but it is a 
simple and .thoroughly effective design. It is somewhat surprising 
that although there are any.number of devices to be Ihuiid that 
eflect their olqect without'throwing any ,load,upon th<‘ governor, 
yet some (‘iigincs are fitted with such devicas as tapered Vams, 
wialgcs. &e., many of which require considerable powej- to operate 
them, and all of which aic, so to speak, unbalaneeil, and react upon 
the governoi*, causing, or at least tending to causes it to “hunt”. 
Th^ system of varying ^the period of opening of the main valves, 
and the employment of auxiliary cut-off valves, have been alluded 
to. The object of such devices being to reduce the fluid losses 
difring the cllarging stroke, the mechanical complication introduced 
by them is generally out of all proi)ortion to the small advantages 
gained, and now that the design of gas-engines has settled down to 
mOre sober li,nes, they have practically all disapptiared. 

The use of quantitative governing has become almost universal 
on gas-en^inVs of medium power, an'd ^is very laig(dy used on high- 
pfmered enginesi It is ,simple, and, since it provides for one impulse 


at every cyek, it has the great merft of giving an evem tuf’ning 
moment,^ good balance, and freedom froiu shock. 

* Quajlit^tive Goven'ning. —In an earlier jiai't of this volume, it 
has been sh(\vn that if^it«were ^xjssible to control the s[)eed and 
power of an engine by vavying the density, but not the quantity, of 
the working fluid, tin? efficiency would increase progressively^ as the 
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load was reduced. There seems to be every reason for supposing that, 
at the point of no-heat supply, the actual efficiency would be equal 
to the air standard efficiency, as is shown in the; curves, fig. 13, 
Vol. I, and that in an ordinary engine, with a G ; 1 compression 
ratio, the efficiency would probably incr(*,ase from about 35 per cent 
at full load to about 47 per cent when running light. Unfor¬ 
tunately, however, if the gas supply be reduced beyk/nd a eertain 
point, combij^stion will be first retarded and incoTjiplete, and finally 
will not take place at all. * 

The actual range over which reasonabh" complete' combustion 
can be relied u})on is very small. In the c.ase of town gas, the 
range. Of density av.ailable is from aboht 90 down, to about 50 or 55 
B.T.U.s per cubic foot. At< the„iiigher density the temperatures are 
very high, and the stresses very severt'. Moreover, owing to the 
excessive heat loss, and the loss due to tlic- increased specific heat of 
tlie gas(js, the efficiency is low. Fol" practical purposes, the highest 
mixture-density that can be used with advantage is generally 
about 75'to 80 B.T.U.s ^er cubic foot, and if the lowest be taken 
as 50 B.T.U.s per culac foot, it folloAvs that the range of load 
over whi('li qualitativt' governing can, be em})loyed is only about 
35 per cent, which is not nearly suffic^s'ent. 

Although many engiiu's now on the market are provided with 
(jualitativc governing, yet tlicse engines are eitlnu' intended to run 
under coiivlitious which afford ti practically unifoi'in load, or they 
are provided with some siijjphuncntafy form of governing, such as 
“hit and miss” or throttle governing, on the lighter ''loads. . in 
piYictU'e, a qualitative-goviniied engine cannot as a. rule be relied 
upon to run regularly over a range of load exceeding 50 jtcr cent, 
unless ])Vovided with some siudi supplementary systeju. If the 
ranm^ be, carried too far, and the mixture weakened bevond a 
certain point, combustion becomes so incomplete and slow that it 
is still continuing ('ven at the time, when the inlet valve opeiis, 
with the result that the entering charge is ignited, eausinii; a back- 
fire, through the inlet valve. ■ ' * , 

In almost all the systems of (pialitative goveri,iing. aft applied 
to four-cycle engines, pi'orishm is iiuide for the admission of air 
alone, during the first ])rtrtion of^the suction stroke, followed by 
gas and air during tlie latter portion, the proportion offgas and 
air admjtted during this latter y)orti(ip> ot the stroye i-emaining 
a[)proximately the same at all load/, but Uie sjuanti.^y is varied by 
the governor. The object of this' of cours^j-is that the conUnlts 
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of the cyliiide]- shiill consist of iienrly pure aii- next to the piston, 
jind of coinhustibJe mixture next to the igniter. In practice, 

tliere is no (loii])t that some sucJi stratitication does occur, though 
to u veiv limited (‘xtent, for engines governed hy tliis method 
have a lange of ])o\ver whieli etutainly e,xe(‘(‘(ls the iang(‘ of iiillam- 
mahility of tiu' mixtuie. The loss, liowever, diu' to retarded and 
iiK'oiujjli'te rf)ml)Ustion counterbalances tlie gain tliat might Ije 
expected, from tlie higlier ettieiency tlieoretieally ol)tn.inable, with 
the net result i'hat (jualitatiVe ,goyei-^iing. as at pres(‘nt applied, 
is litth' oi' no* nnfre etfieimit than (juantitati\»^, and is x er\" de- 
eidedh' more sensitive and tiresome, to look aftei-. , 

In lai'ge <loui)l«'-aeting g.iigines. jj meehanieally-oj)erated auxiliary 
gas valve is generally fitted, eitlier vonehnlrie with o]‘ alongside the 
main,inlet \al\(*. The timing of this x'ajve is controlled b)’ the 
govei'iioi; through the m'ecrmm of on<* ol' tJu* many foi’ins'Of trip- 
g(‘a]-, so that it is open(*d earlier o]- later in tlu' strok(', a,ee.ording to 
the load, but is always closed either just before, or simultaneously 
with, the main inlet xah'e. * 

111 the .ilesign of‘ tin* trip-gears there is, as might lx* ('Xjieeted, 
a great deal of variety; bnt.anx' gear that Avili weai* AvelJ, is toler 
ably sih'iit in ojx'ration, *‘and tliiows n,o serious load n])on tin* 
governor, is .suitable. In some few eas(*s, designers hav(* aban'doned 
all aftem])ts at obtaining stiatifi('ati(ui, ami have fallen back on 
a ])lain throttle vahe in the gas jujie only. AN'itli such a crude 
arrangement! it is obv ious that the range* t)Aa.*i‘ Avhieh tJn* engine will 
riiiris eijual to, ljut not^ gr(*at(*r than, the rangi* oi‘ iuHammability of 
tin* mixture, i.e.. in the ease of town gas, only about ])er cent. 
Crossley Qualitative Governor. About the y<‘ar l!n)7, 

Afessrs. <.'i'os.*!ley r>i‘others built some* large* tanel(*m singl(*-ae‘,ting 
engim*s, eh*vele)ping from oOO te) (JOO li.ll.I*., which W(*r(* ])roA'iele*d 
Avith ejualitative* ge)\ eining. Fe»i- tln*s*e‘ e*ngines. a, ])(*euliarly ingenious 
iiflet Aalve* .ami geeviaiior ele*<ie-,(^ was aelopted, whie;h, fj’om tin* 
sue'e-essful ma.nnei" in )vhiedi it weerked, de'.serves careful eon.sid(*ration. 
The device* is ilfuslraled in seetioh lig. 105. ^fhe main inlet 
vah’e is ojx‘rat<*el elire*vtly fi'om the inle*t e/am, and its operation 
is unafleeted by the loael oj* sjx'cd. ' ^dn* gas A'al\e* is earri(‘d^coll¬ 
een trie tab on the stem e)f the wiain valve. This AaUve i.s fre'e to 
ihoAU* Ln, oije elije*etie)n, ,but is e;omjx*ll(*.d to elejse* win*-!!, or slightly 
before, the nViin A’alve e‘lort*s, bA'*nn‘ans e)f a small collai- se*'ev\(*d'to 
the main Audve st(*iit. ^ *l>ele>.Av Giis e*e)llar. a .s(*.e.ond •e.ollar is also 
attae.hed to the maiif vah'e .stem, and a sjning is fitted between it 
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aud the gas valve. By this means, the gas valve is forced open hy 
the compression of tlm spring, when the main valve is opened, and 
is closed ])Ositively by the sc-i'ewcfl collai- wlien the main valve close.s. 

I’lie np])(}r portion of the* gas \ alv(i is formed into a piston which 
is a close, but free lit, in a short cylinder formed in the toj) of the 
valve cage. This cylinder is completely closed, except for a small 
hole through which air can entei', and the area of whhd/’is controlleil 
by a small p'.ston valve connect(*d to the govei-noi:. If this valve be 



Iiri.—(.jo\ 1‘Uiin^; Oesit il'rossK-vl 


in sucl) a ])osition that llie air inlet is completely off, it is 
obxious that tla* gas \ al\i* cannot ojx'ii withojit forming a Nacuuni 
in the cylinder, 'flic spring o[tening the gas vaha*. ho\\ever, is not 
of sullich'ut str(‘ngth to produei* ;i vocuuni in tin* cylindc]-, In'iice. 
und(‘r these »‘ojiditions, it will Jiot o|ten at all. If now the .small 
])iston valve he .shifted by the go^('l■noJ• to such a. positi<1n as showjj 
in the illusti-ation (lig. 1 tJ.o), air can enter the cylinder.slowh'^ and the 


gas \i«h’e will open as .soon as #uilicient air has (‘iiterc'd to i(‘lieve tin* 
vacuum. That is to .say, if will ojx'^i .some time after the main iid<‘t 


valve, and will remain open until it is closed by tin* closing of th6 
main va],ve. It is obvious tha,l. with tlftVj arrang(*mentythe o 2 )cning 
of the gas Aahe can be dela^’(*d tl/aiiN’ desiivd extent bv mcrelv 
moving a small-and light balanced ^)iston V;tlve through a very 
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small range. All that the' governor is required to do is to vary 
the position of this minnte valve. 

The gas valve, in this cfise, is in the form of a balanced piston 
valve, and has a lap of about in., so tliat it has to travel 
through this distance before opening the gas inlet port. In order 
to (ilose the gas valve completely, the collar on the main valve stem 
is sup[)lemerrrcd by a .small buftei* si)ring, which ensures the return 
of the »piston am] gas valve to the top of its strokq, and which 
expels any air .which may have leaked into the vacuum cylinder, 
throimh the smalh check valve shown in thereover. The whole 
anangement is simple and highly ingenious, the time of ojaenin^ 
of the gas valve is under' the iwdst T)erfect control, arid that 
without throwing any ])ei'ceptibh' Ifj^id on the gov(‘rnor, or requinng 
finvthing but a very trifling movement. 

'I'c-sts carried out on 'tlds engine by Prqfessor NiehoLson showed 
that the variations ol’ speed, 'when tla*. load was instantaneously 
dropped from (iOO to oO lK»r.se-power, did not exceed I'GO per cent. 
No figures are given as to the e^'iicient'y of the engine on the 
lighter loa^ls, hut indicator diagrams, taken with a mean pivv^suro 
of o.a G lb. ])er square inch,, i.e. about GO per <‘ent full load, .shovit^ 
regular, though retard(‘d,» combustion. An illustration of this 
engine, which shows very clearly the actual arrangement of govern¬ 
ing, 'is shown in fig. 1GG. 
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VAPORIZIJ^G OIL-ENGINES 
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Very soon Jifter tlie success of tlie ordinury ^ms-ciigiiie Imd been 
Mioroikglily csiablislicd, a demand arose foi‘. aud manufacturers 
turned tlicir attention t(),,tlj(‘, '(levelopulent of a modified form of 
gah-en_oint*, wliiidi could run on ordinary paraflin. oil, and so enable 
the (Mjgine to be usc'd in'districts where >to,\vn gas (then the only fuel 
foj- giis-engines) was unobtainable. * ^ * 

Th(' en g'ine produc(^d in response to this 'demand followed the 
acT'epted.gas-enoiue design, and differed only in this respect, that 
provision was made for vajioj'izing the oil, and a lower ('ompi:ession 
•ratio was ])rovided. Such (‘iigines weiv termed oil-engines, and, for 
a long tihu*, reprc'seiited the only form,of engine consuming liquid 
fuel (m the marktit.’ With the advent of the Diesel oil-engine, and 
still lat(‘r of the so-ealhal semi-Diesel engine, both of which are 
designed ihroughont for the express purpose of consuming liquid 
fuel, and which are capable of consuming }naetically,any form of 
this find, even down to the hea\ i(‘st residues, the field of useful¬ 
ness of the modified gas-engine has bemi viry much ivstrieted. ‘At 
the sauK' time, tlie deve]o})ment of gas-pi'odueei-s, ev(*n in com- 
[laratively small jiowers, thus enabling gas-engines to be used ,in 
[ilaer's wlu*re ordinary l,own gas is unobtainalde, has still furtln'r 
narrowtsl down the seopi* fftJlK* vaporizing oil-engin(‘. At the 
pH'sent' moment, there fqipears to be evmy prosjieet that tjie 
ordinary vajxmzing ty])(' of oil-engine, using r(‘liued ’paraffin, will 
be driven from tlie maihet. or ji,t least i-estih’ted.ito a’ i^’erv limited 
field, by the severe conqieldion from (he producer gas-ingine on 
the pne hand, and the semi-Jlh'sel engine‘on the other, either of 
Avhich e.an jiroduce the Srime power for about one •«f]uarter of the 
fuel bill. 

, In very small powers, iqi to a pr (j hors(^-power, tin; '[lai’aliin oil- 
engim^ still finds a considerable imwket for such puijiosea as agri- 
('ultural work and the. electric, lighting of cioqntry houses; but,* in 
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tlicse siiijill sizes, a new ('•(»in[»etitor arises in tin*' form of the 
petrol-engine, whiel), although it uses a. more expensive fuel, is 
eleaner, handier, and more ivliablc than the pai-altin engine. In 
the somewhat sj)eeialized field of inariiu' work, th(^ vaporizing oil¬ 
engine is still extensively used, cv(Mi in jjowers u[) to 200 horse- 
])ower; hut this is ])roba!)ly b(*cause its chief eoni])etitor, the semi- 
Diesel engine*^with few ex<‘eptions, has not yet been devel<)])ed for 
marine \j;()rk on rational lines. ^ 

Vaporization. —In the 4f>rdinary€ ])aialiin engim*, the oil is 
vajanized e,ithe»: within or-u ithout'the eylimh^p and the vajKUir 
treated exaetly as tin' gas is treated in a. gas-engine, that is to say, 
it is mixed with air. e()in])r(‘ssed, and ignited in the usual way* The 
problem would bo siin[)litvTty its('lf^il‘ it wei-e ])ossible. to eonvert 
paralliu into a gas hy uu*r(‘ly wai-ming it. » I iifoitunateh', com- 
inc'rt'ial jtaratiin is not a definite eheinieal eonijamnd with a.definite 
boiling-pbiAt. but is a eolleetiifn of all those hydrocarbons which 
distil o\er lugween 200 h\ and about 000 and inidudes the 
whoh' range from Nonaiu*, (.ML,,. t« kentadcM-aiie. Uir.IiTjO'and fr<‘- 
(|Uenth' ev(‘n higher up the rajige. The lowei- end r»f the' range is 
linjited hv the restrielioiis im[i(tscil as to the tlash-jioint. but th(“ 
u])]>er tuid is limited oul\’ b) the eommei'eial hone.-ly of the distiller 
an<l the tendency for the still heasier fractions to discolour tlu^, iuel, 
and s(,» disclose tlndr presence'. Since the l)oiling-])oint of the various 
constituents whii-h go to form eommereia] ]»aratlin \aries from 
200' F. to (;Q,0 F., it is clear fhat. in ordei' to vaporize the whole of 
the fuel. its*tem])erature must, be j-aist'd to at least (»()()’ F., otluu-wis«‘, 
frae'iional distillation wHI take^plaeu!, and the heavfer Iraetions Avill 
eollee't in tlie va]>orizer. ^ 

I Now*, if pyratlin be heated to a t<*m]»ei‘ature of 000" F., some, of 
the lighter fractions w'ill lx* ‘‘ei-aeked ”, that is to say, they will lie- 
split up into carbon and hydi'og<*n. the former being deposited in 
tlv* vaporize'!', which wouhl veu'y soon beefV^iK' choked. It is evielent, 
therefore*, thift it is not ])ossibh' inei'ely to boil the parathn and treat 
the* vajieiui' ios*a fivte'el gas, as ('an be*.done with ]ie*trol. If, however, 
the* fuel V.* he*ated in a va])orizer, tlo'Ough whi(di air i.s jjassing, at 
a tempe'iature of about *500' F., “ era yoking ” will be prevenbido and 
Jiearly the whVile*- (jf the* fuel will be vajxorized: but, if the tem- 
p.*iature‘'falls much bedow 500 F., only partial va])orization will 
oe'e'ur, and, much aboVe,J^ is liidih* to ei'ack. Now if tlm wdiole 
of the fuel ami the ay- sl^pplieeD^Wi the* engine Avere raise*d to a. tem- 
pefature of 500* F. be*!ire en^erriig the* cylinder, it is obvious that 
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the volumetric etticiency would bo i-e(luc«?d to little more thuii lialf of 
that which would be obtaiiieil with a normal charge. Also, owing to 
th(^ liigli suctiou temperature, only aji (‘xeeedingl}- low compression 
ratio could be employed, for the tem].)ei-ature would very soon reach 
a point at v hicli severe'- detonation and pre'-ignition would occur. 

From the above considerations, it is evident that it is not practi¬ 
cally ])ossible merely to vaporize the fuel aiul then tiea^i it as a tixt'd 
gas. The other alternatis'c- is to pulverize the oil to a v^'iy tine 
(h'gTce, gcjierally by passing; air thivugh it at an extremely high 
velocity, and, as far as possible, to ihaintain it in Jhis,tijielv atomized 
condition until Jt is ignited. Unfortunately, the finely <livi(h'd 
|)articl«s of fuel can only be Uej)t in sMspcjisioti so long as the aii- is 
travelling at an (‘xccedinglv; higll vi'lncit}'. So soon as this velocity 
fails, as, foj‘ instanc.e,t aftei’ pa.'xsing the iulct’AftIvc and cntei’ing 
the cylinder, the jiartichts immediately .sIkjw a tcmh'iicy to coalesci*, 
and pi’cci])itatc on the walls of the o>vlindcr. or upoji any* j’ortion of 
the inductum ]>ipc ^Yherc a change of vi'lociiy* or din'ction oc(*u)‘s. 
Auv fuel, that is s(.) ]»i‘cci|)it!iV‘d CM'ajtes combii.stion, because it 
cannot be surroumh'd with the ncfo.ssary supply oi‘ aij-. A rf'iuall 
portioji of th(‘ Jiu'l so ])]'ci‘i])itatcd will bui'u slowly from the surfa^-c, 
leaving a*hea\y carbon dc])osit, but thcgrcat('r ])i‘opoi'tion will ])ass 
through the ciigim* com])rctc]y unburnl. 

In pra<‘tic(‘, m(»st of the t'ugincs which cmjtloy separate external 
\a]}orizcus,rcly ])artl} on heating the fuel and air, and |)artly iqxm 
])ulverizatifm, and a fairly satisfactory, or at h'ast a workable, com- 
proniise is airivcd at. • 

When (juantdativ-e govi'i-niiig is i»('licd if|)(»n, as in the cas('*of 
marine, oil-engines, the amount of ]»r(‘eipitation inci'cases as the hiad 
is ri'duccd, owing to tlui reduction in the x eloiaty of th^' aii-, so th.kl. 
when ruiiuing on light loatls, the ])r(iportion of fuel that- escaju's 
unb’uriit is very large, and carbonization of the cylimh'r walls and 


pistons takes plact* with fdarming ra])idity. Owing to the v('i;y 
narrow range over which a mixture ol’ ])aratiin and air is inflam¬ 
mable, ([Ualitative goxerning is cpit of the i|ueslion» heh'*e it follows 
that the vaporizing tv])e of oi4-engine is virtually driven t« rely on 
some^form or other of “hit, and, miss” govehiing. It is true that, 
in the marine oil-engines, (quantitative governing is ahtfost invariably 
em])loved, but these engines ai-t' pVaetieally always run at*or near 
their full load, and are oiih' throttled ihwn* for very brief *])eriods. 
If run :^r any length of time at »r» mueh^»re<^uced ld!ul, tlmy will 
soon carbonize uji and give troubV*. ,* 
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Ill all vaporizing oil-engines, owing pai-tly to the pre-heating of 
the working fluid, and partly to the tendency of hydrocarbons of the 
parafiiu series to detonate, only a very low coniprcission ratio can be 
emplox ed, and hencti the efficiency is abnormally low, as compared 
with a gas-engine. The ratio usually adopted is about 3'5 :1, giving 
an air standard efficiency of apjiroximately 40 per cent. The limit 
of coinpressi(#^i is, of course, set by the t('m 2 »erature and pressure at 
which a^mi.xture of paraffin vapour and air will ignite spontaneously. 

Carburation by pulverizatixui alone, and without any addition 
of heat, has svai-cply—so far—beei'i found pnjctical, for the fuel 
cannot be; so finely pulverized in a cold ccuidition, that it will not 
precipitate almost inlmediately on Jeaving the s^iraying chamber. 
It might lt(* possible in the case of a very high-speed engine, but. in 
this case, there wosdd not be time for the fine-ly-divi(led particles to 
burn 'comi)letely, so that what might be gained by the ksc of a 
higher cdn'ii)]ession would b(* Irtst tlirougli retaitled and ineornph'te 
coiiiliustion. Ill general practice-, it is usual to rely as much as 
possible upon ])ulverizatioii. and to prei-heat' the charge- a,s 'sparingly 
as ]K)Ssible, and thus effeet a kind of e-eanjiroinise. in whic,h the- fuel 
is,partially vaporized and partially pulverize-d. In such cases, the? 
nie-an suction tem])erature js ke-jit elown to about 2.50“ F.’ alleiwing 
eef a compression ratio of about d'o ; 1 without se-rions risk qf pre- 
ignitieni or unduly ra[)iel eiombustion. It has alreaely be-e-n ex- 
])laine-d in an e-arlier volume that the compression ratieii e-an lie 
I'aised, and the temperature kt-])t down, by the- admission of water 
to the etvKnder, in a finely-divieled state. The- water, during the 
coiiijircssiem stroke, is* evapeitated anel e;e)nvertee? into ste-ain, a 
e-e-rtain })reipeirlion of the heat of comjm-ssiein being absorbed in 
eive-iToming latent heat of e-^onversion. 4'he presence of steam 
in the- we)rking fluid reduces the; e-fficieiicy slightly, eiwing to its 
high spe-e-ilic heat, but the gain in V.ffie;ie-.ncy (due- to the; higher 
<*<;»ni]iression ratio) more than compensated for the; loss on this score, 
'file- use of water is, lieiwevei". to lie avoided if [lossible, for, if the 
whole of tlie'wat^-r l*e- not c-oniplet^-ly e-vajiorated, it may e;ombine 
with theje*sulphur, which is always pfese-nt in the fuel, to form a 
e-orrosive acid, and, in any case, it is ^xe-fc-e-dingly eletrinie-ntal t^) the 
piston lubricat?]on. • 

c Internal Vaporization. - -^fhe foregoing i-emarks refer pri¬ 
marily* t*o thejse engine*s*wlncii arevmerely standard gas-engines, with 
the addition*of a A^apfirizer pulverizer outside the e;ylindei'. 
There is, however, a’aother (.-kss'of vaporizing oil-engine in which 
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the fuel is admitted to the cylinder in the liquid form, and is vapor¬ 
ized after admission. In this case, the cylinder is provided with an 
uiicooled head, or bull), to which the oil is fed and in which it 
vaporizes. This bulb is generally separated from the rest of the 
cylinder by means of a restricted neck; and, in some cases, is com- 
2 )letely isolated by a ^■alve fitted between the bulb and the cylindei- 
proper. The capacity of the bulb is such that it eannot contain 
sufficient air for the ignition of the fuel. Cold ftii- is drawn into the 
cylinder through the inlet \^ilye, jn *the usual manner, and this air, 
during the compression stroke, is driven into’ tin? bulb, where it 
,m(‘ets, and nii^^es with, the vrfij)orized. oil. At the end of the com- . 
pressiou stroke, the bulb contaijjs a mixf^uv of ^ apour and aii- in the 
correct 2 )ro 2 )ortion, and this mixture is’ ignijted either by electric 
ignition or by the heat,of coinjjression. In the lattei- case, w;l»ich is 
the more usual, the coiiqnvssion jatio n’lukt be so adjusted that the 
ignition tem[)erature and jjressui’e are not rea^died until the end of 
the stroke, for the range of combustible mixture on the rich side 
is not so nai-row that tfie contents of the bulb «-annot be ignited 
a considerable ])ei-iod ludbre the end of tin*, comi^re.ssion stroke. 

This, tyjjc of oil-engine has tin'•advantage over the extcfnal 
vaj)orizing tyiie in,that*tlie aii‘is not tieated before admi.ssion, and 
tlfal,*thcr(*for(', a larger charge can be taken into the cylinder, Jind a 
higher mean ])ressui'C cari-ie<l. If the bulb be conqdetely ftolated 
fi'om the remainder of the cylind<*i-, by means of a timing valve, .and 
communication established oidy when the compressioir stJoke hjis ♦ 
been completed, then it is clear th.at .any naisonabh'. compro^sioii 
ratio can be safely enq)loyed; but it is not t*.asy to see how a vah e 
which h.as to 2 )ass the u'orking fluid at the time of its maximum 
jnessuiv and temperature, can bt' m.ado to last and "be kept tight. 

• There is yet another svstem which seems to hold out a good deal 
of promise, namely, a ajKwizatuui under a jnvssure considerabl}' less 
than atmos})hcric. Eatii Avith a I'Oinpai’ativcly small reduction* of 
in*(>ssure, the tem])erature at which the heavi^u- fractipns of paraffin 
Avill A’aj^orizc is substantiallAMxkluced. In a four-cyclc*engine it*is, . 
of course, a sinijde m{itt(‘r so to arrange and .time tl»e. A alve gear that 
the Vajmrizer is kept undeV a*])*artial A'acuimi. 80 fjy.- as the author 
is aAvare, theie is not 01 * tin* maiket, at the jn-eseut moment, any 
oil-engine in Avhich this system is adoi)ted ;,but he undej-stands that 
Messrs.# Broom & AVade, of Iligfli AA*y^;ombe, at oije jM'iiod con- 
stj'ucted a number of engines using tjiis ^^lintiple, for tractors, and 
obtained A^ery Satisfactory results. * * 
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From all the foregoing (.'oiisiclciratioiis, it is obvious that whatever 
he the type of vaporizing oil-engine employed, it is always a matter 
of vital neei'ssity to maintain the vaporizer at an approximately uni¬ 
form tem])erature, in order to avoid “craeking” on the one hand 
and partial vaporization on the other. In those engines in which 
a va]jorizer is employed, tin' necessary h(*at may be supplied either 
fr(un a lamp 6t’ fiom the exhaust fjom the engine. By the use of a 
lain]), it* is possible to maintain the vaporizer at practically any 
desired temperature, irresiiectif e /)f tli^ load on the engine, for the 
loss of heat’ in bverboming the latent heat of the fuel is trifling in 
comparison with the loss by radiation^ and the heat taken up by the, 
air ])assing through. Ilen 4 ;,e the v/iiiations in the quantity of oil 
jiassing through the vapori’zer with d^irt’ertiit loads does not affect its 
t(‘ni[)eyature to any appreciabh' extent. Th\* us(^ of a separate lamp, 
Jiowever, .ajlds considerably'to the conqilication of the engine, and 
is. naturally, not in favour, especially since paraflin blow*lamps are 
none too reliable at the be.st of times. 

The alternative nu'thod is to heiVt the vaporizer by the exhaust 
gases from ,^:l)e cylimh'r. but. here the ditlieiilty arises that the tein-^ 
j)efature of the gases \'ari('s according to the load, and especially is 
this the cas(^ in engines goAVrning on the ‘J hit and miss” ])rinciple. 
This ilifliculty is generally met by the juovision of a bye-jiass Valve, 
which'can be adjusted by hand, and which allows a certain ])ropor- 
tion of the ])roducts of combustion to jiass direct to th'e silencer, 
Ayithout traveling round the vaporizer, wlnm the engine is running 
on full loaiV AVhen lightly loaded, the bye-pass A'ylve is closed by 
hand, and the whole of the exhaust gases are com[)elled to ])ass 
through or round the. vaporizer. If the 'vajioi-izei- be very heavily 
constructed, f?o that it has cojj.siderablc thermal storag<‘ (*apac.ity, a 
tohu-ably even temperature^ can be inaintaincd. 

In those engines in which \a})orization takes ])lace within the 
eVlinder, or in the inlet-valve idiamber, and in which the necessary 
heat for vaporization if? prov ided by the temperature of some uncooled 
portion of tfie cylinder or valve cliaibbcM-, the problem of maintaining 
an eA (*n Jenqierature is. still more, difficult, for the thermal stoiage? 
cajiac.ity in this ease is reduced by" th(* 'eylind(*r-jac,ket circ.ulffbing- 
watcr with which the jiarts inufit be more or less in contact. In 
this ca.VQ tli/ue is little ^lonbt that the best method is to control the 
engine by m\)ans of the exllaust* valve, so that, when running 6n 
light loads, tho govefnoi* holjlsVhc (exhaust valve open during the 
suction stroke, and flol exhaust'gases are drawn into the cylinder 
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ill place of (iokl air. Alternatively tl'ic valve may be kept closed 
throughout the cycle, so that tlu* exhaust gases are alternately com¬ 
pressed and expanded. In either case the temjieiaturc of the jacket 
can be maintained tohsrablv nniforni. 

This, of course, is simply a modified form of “hit and miss’’ 
governing, in which the governor ac.ts on tlie exhaust instead of on 
the gas valve, as in a gas-engine. In order to [in^rent a charge 
of cold air, being drawn into the cylimler as \yeil as tlui exhaust 
gases, the air inh't valve is*nsua]ly ^lutoniatic- in jts operation, a,nd 
is loa<led by a suffi^dciitly powerfuf spring to piwent it'from opening 
^during tin* suction strokes, vvhen the^i'xliaust vahe is open. 1'liis 
metlicid undoubtedly answei’k, culmirilbh', for eygines governed in 
this manner are generally»ablv tvitli varying loads without 

any attention to bye-pass calves. <te., such as ijt generallv required 
when exhaust-heated v^aporizers are uscdf ^Ioi‘(‘ 0 \('r, the <‘ompara- 
lively eleyn running and clear exhahst. lit all loads, indica*tes that a 
fairly even’temperature is being maintained. 

Efficiency. — As mlglit be expected from the limited com¬ 
pression I'atio, the thermal <!flieien('V of vapoj-izing ojl-<*ngines is- 
’ verv low. The air stamlard (‘fHciimev is geneinllv oidv about. 40 
]ier cent, and the jiigli^suction lempek-aturc, necessarily involving 
highf tempera I lives t jirough(nit the whole cycle, increases both the, 
heat loss and tin* losses diu' to the increasing sjiecific heat .of the 
working fluid at high temperatures, with the ivsnlt that the r(>la.tive 
efbeiency seldom exceeds abf>nt GO ‘jier ccjit, corres|K>niling to an , 
indicated tliei-nial efliciency of iM pen- c(‘nt, assuming *[H“rfect, and 
complete combustion, which is ver^' seldohi obtained. The blakc 
thc'inal efliciency also is; very low, hecau.se* — 

1. The mean pre'ssnre is low’ owing to the low (‘tliciency and the 
loss of voluiiK'trie* ('Iliciem'V (Jne to pre-heating of the charge; a,ml 

2. The jnecipitation ipid incomjilete combustion, that invariably 

o(',cur to a greater or lesser degi-ee. result in gumming of the piston- 
rings and impairetl piston lubrication. • ^ 

3. in order thoroughly tp atomize* the* fuel, it is necessary that * 
the vehicity of the incoming air shall be. iwereased considerably, as 
compareel with usual ])racti^e,* and this results bo^li’in a loss of 
volumetric eftici(‘ncy and a substantial increase in fluid ,])uniping 

during the suction stroke. * • • • 

• » * 

• * 

All these_ conditions react nprfi/ the nv^chiinical eftii-iency, which 
seldom exceeds about 80 per cchit* brins^ng the Inake theilnal 
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ctHcienoy down to about 19* per cent, as against 25 per cent that 
might be obtained with a gas- or })etrol-eiigine with the same com¬ 
pression ratio. Ill practice, a lirake tliennal etticicnc}^ of even 
19 [>er cent is seldom if ever obtained from a vaporizing oil-engine, 
and IG per cent is a much more' usual figure. 

The Ruston-Proctor Engine. Among the recent designs 
of va]X)i’iziii_gfoil-engines, one of llie most intcrc'sting is the small 
engine r#*ccntly brQuglit out by Messrs. Ruston-Proctor# in response 
to the demand for a small, n^iialile, alul cheap engine, and which 
is shown in'Hg^. HIT and 1G8. r. 

I’hc normal jMiwer is rated, at 5 brijke horse-powcv, when running. 



/' Fig. 1<>7.—yiiL'IJiihtoi^-l’ioctDi Vn]ioM.!iug Oil-(>iigii)c* 

at a sjieed of .'IGO R.P.M.; the bore and slntke of the cylinder are 
in. and 9 i,u. resjH*etivelv, and tin- normal i)ower rating is based 
on a brake mean pressui-(‘ of 51’7 lb. per s(|uar(“ inch. In geiie.ral 
d(‘sign, it follows aeee])ted gas-engin‘e*practice as apjilied tn small 
eiifgines. but the inteicsting features lie ii* the arrangmuents for tlu'. 
admission, j)ulvi'rization, and vaporization of tin' oil. On the back 
of,,the cylin^ler-lu^id a small bulb or jiocket is fitted. This bulb is 
unjaeketi'K, and. is maintained at a, sufficiently high tt‘m])(*ratu!'e 
to en.sure va.i)orization, oi', at least, ’toi. ] ire vent preeij»itation o^'the 
oil, by the heaf of combustion. Jn th(‘ siile. of the bulb is fitted an 
ignitioii-fiibe of larg(‘ eajiae.ity, whi(‘h really forms an e\t(Mision of thc! 
bulb. The metal of this lirlie efitends to a eonsidi'rable iJistancM 
from the wator-jack(‘t,i.any can of^l'y g(‘t rid of its heat by radiation. 

'After each combil:sPion stitik^ the ignition-tulie- is left full of 
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Fit'. l«''^.- -!<i'ctionar'Aiiaugc-iiit‘iit of Hubtoii-Pioctor Engine 
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iiioi't; exhaust gaK('.s, and, tlieiefore, althoiigli its temperature is 
liigh, it cannot ignite the chargt*, in the cylinder until the end of 
tlie (compression, when the coml»u.stil)le mixture has been driven 
back into it and reaches a point at which the temperature is 
siihicient to caus(> ignition. It is obvious that to ensure ignition 
taking place at the right moment, tlie teni])erature gradient doAvn 
the tube niu.'tt be carefully regulated. Since the tube can only get 
rid of Ks heat by*radiation, it follows that the tempoiature can be 


regulated by eoiitrolling the a*m(,mnt oT radiation, and this is accom- 

jdislied by means of an 




C^J 





TiC. Kit).—IJnstoii-l'i'ocUir Kiiginr. JnJut Valve 


i 1(1 j 11 stable, asbe s t OS-1 i n (‘(j 

sleeve, which can be slid 

along the ignition-tube, 

.alid thus preveirf; the loss 

•of heat from a' greater 

or lesser portion of it. 

The arrangements for 

the admission of the fuel 

aie nartienlarlv interest- 
1 ^ » 

ing. 'flic main ijiletvalve 
• is (j^)erate(l by means of 
a rocking hcver frcj'm'thc 


inl(*t'(am. This lever, however, (lo'‘S not Ix'ar upon the valve stem, 
but upon th(‘ inlet-valve sjuing, so tliat, during tine siuhion stroke, 
the valve*is‘'not mechanically opened, but is relieved of all sjjring 
piyssurc*. Thus it cini o])en automatically, nni'indered by any 
resistance due to tin' spring, but is closed at tin* convict iieriod, so 
so()n as the spring is releasial by the cam. 'I'hc cage surrounding 
the inlet valVe is made in the form of a Venturi tubi;, so that the 


air entering near the top shall pass dpwn between the (cag(‘ and "the 
inlet-valve, guide at an exceedingly higij veioc.ity. The admis.sion 
oY oil is control](‘d by a scconVl small (coned valve, mounte.d loosely 
on the main ,inh‘t-val,ve stmn. and held u|) against its seat by means 
af a, light spring, as is usual in gas^-eiigiue practice*. This valve 
is oj»erat(*(l by‘means .of a small collar pinne-d to the valve stem, 
HO that it Ts jOpeiK'd when the maiif valve is ope.ned. ‘ 

"l’hep)bject of the subsidiarv«-spring is meiely to (ensure that the 
fuel-coUftro,!ling valve i^- seate.d when the main vahe is (dosed. The 
fuel is admitted through Ji neecTle valve, shown at the si(<e of fhe 
niain valve in fig. 16 !), ahd Jl^lss^s dowm through a small hole drilled 
in the rnain-valve guVle to the fuel-valve seating. 'The operation is 
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as follows: WLeii the main inlet valve is opened by the suetion in the 
cylinder, air is dniwii down througlj the Venturi at a high velocity; 
{it the same time, the fuel valve is opened, admitting oil through 
the small hole in the val^'e guide. ^Ihe oil then passes over the 
conical fuel vaKc, »ind on meeting with tlie air at the point of 
nuiximum velocity, is very finely pulverized. The oil {iiid air, the 
former in a finely atomized but not vaporiz(;d conditiofi, then enter 
the uncooled bulb in the cylinder-head. Owing* to the high tem¬ 
perature of the wjills of this bulb ny precipitation ca,n occur, and the 
particles of oil fire held in suspension and partially ftiporized. The 
vaporization continues througjiout tin; compression stroke, and is 
probably more or less e^onipletc, by the,end of it. Jt will be ob- 

s(‘rved tlnit in this engine-'^ i * 

• # 

1. l%e air is not herbted before {ulmission to the cylinder. • 

2. No {ittempt is mlide to vapo);ize the oil before admission to 

the cylindtV • 

3. Every effort is imide to pulverize the oil as finely as possible, 
by drawing the {iir jnist the oil inlet viilvc at the highest possible 
.velocity. 

4. Pivcipitiition of the finely atomized particles oPoil is pre¬ 
vented bv maintainkig tjV“ {lir at {i verv*liiuh V(*locitv, and avoidini; 

• r " . . . “ ^ ‘ ' 

any {ibrupt changes of s eloiaty oi- direction until it Inis enteri'd the 
cvlind(*r. 

5. Pr(‘ci])itation of the p;irticles ,of oil within the cylinder is 
avoideil as far as possible by pri‘venting them from c</mfug into 
contfict M’ith copied surhices until !/fter they Inivi* Ikm'u at h;{ist 
parti{illy v{iporized. No doubt a cert{iin :imoiint of precijhtjition 
does occur on the walls df th(‘ evlinder barrel {ind on the wjiter- 
cooled surhice of the combustion clnimber, but it lnis*b(*en avoided 
as fill- as it is jiossible tc> do so* , 

It is (rh'iir th.at. in such an engine as this, a compi’omise min^t 
be jirrived at; for if tin* area of nncooled surliu'e be increased, the' 
degree of precipitation will be*r('duci‘d. On the otliet hand, the 
suction tempeiidure will be raised, involving the.use of fi lower 
c.om|?ression riitio, to axotd J[u'’e-ignitk)n, with reducwl efticieiu'y. 
Th(“ e.xai't {irea, iind sha])^. of uniMjoled surface which will give the 
best compromise betwiMUi these two conflicting conditiops j-an only 
be fouii^ by trial jind erior, fiiK? there* is no doub^ that Messrs. 
Ruston-Proctor ha\'(i siitisfied themselves**uixin this point. The 
compression pressure employed in thVs engitic^ is 55 11>. per squ;*re 
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inch, corresponding to a compression ratio of about 3 53 :1, and 
giving an air standard efficiency of 40 per cent. The fuel con¬ 
sumption is given as 073 lb. per B.H.P. hour, corresponding to a 
brake thermal efficiency of 18'2 i)er cent, which is an excellent 
result for so small an engine of this type.^ The leading dimensions 
of this engine are as follows:— 


Bore ... * 

Strokf ... . 

Number of cylinders ... .V ^ ...* 

Piston area « ...• ... ' ... 

Sw(*pt volume ... 

Compres-sioii ratio • ... *• .. . 

Ma.\imum ■ 

R.P.M.» ...' ... f.. * . 

Pisjon s])ce(l 

Brake ii'ean pressure 

Diameter of inlet valve ' 

Lift of inlet valve 

Etleetive area of o])eniny,- ... , , 

Diameter of e.vliau.st valv<‘ 

Lift of i‘-\»baust valve ... 

•Edeetive jPrea of opening ,... 

Ratio, piston area to inlet-v^ilve area ... 
Weight of piston 
W(*ie:bt of connecting-roil 
Weight of reciprocating parts ... 

Weiglit of recijirocating parts per square inc 
of^iistofi ar<‘a 


6 o in. 

0 in. 

1 . 

33^ sip in. 

298-3 /)u. in. 

3-53:1. , • 

.540 ft. p(“r miinite. 

51-7 lb. per .s(]u&re inch. 
2-25 in. ^ 

034 in. 

2 4 scj. in. ^ 

J -875 in. 

0'5 in. 

2-7(j s(|. in 
13-8.1. 

2.^ 11). , 

28 lb. 

3G 11). 

J -J 85 lb. 


' The brake thermal f-ffieieiu'y of this engine is 1*8'2 per eent, and 
tii(‘ mechanical efficiency is e.stinialed by tlie makers to be 78 per 

cent, giving Un indieaLed tlicrinal efficiency of x 1^’- = -3'3 

per cent, and a relative, effii-ieucy of hbout 58 jier cent. 

I Qualitative governing, Llu\t, is to sa}-*, governing by controlling 
tlni quantity of fuel at each stroke, leaving the air unrestricted, is 
opt of thctquestVjn 'in such an engine as this, where there is no 
pi-ovi.sioif for stratitication, and is, ii*. any ease, especially diffitadt 
because tliep'angc of m'lxtnre of pawi^ii.vapour and ail-, over which 
com])lctc combustion can take place, is jiarticularly Jiarrow. More¬ 
over, til's system of governing, even if it were fea.sible, would not 
solve the problem of inainl,akiiiig«a unilorm temperature, ^ 

Th(‘ raotlnid adoptei'i, in tlipp* and in nuiny other such engines, 

« I I I • ^ ^ 

’ Tht! low^T offtTtivt' caiorific value of {urafliu is taken a.s Ui.T.^O B T.U.s per jiound. 
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is to control the speed, either by holding the exhaust valve open 
or closed. Of the two, it is, perliaps, preferable to hold it dosed 
rather than open. The liighly lieated exhaust gases are then alter¬ 
nately compressed and expanded in the cylinder, and thus serve to 
maintain the temperature approximately iinifonn. It is obvious 
that, during this period, the inlet ^■alve must i-eniaiii closed, or air 
and fmd will be drawn into tin* cylinder as well as exhaust gases. 
As a general rule, the inlet ^alve is not mechanically operated, but 
is fitted w'ith a light spring, of sufficient strength to prevent the 
valve from opening when not required.. This ipeth.od,. iiowever, is 
open to two objections:— 

1. The action of the valve" u^^very hoj.sy, ailtoiuatic.spring-loaded 

valves having a tendency to fiutter, thus Setting up a very di.sagree- 
ablc noisp. ' * 

' * e 

2. Ill order to ensiive tin*, \ alve closing at the coirect time the 
spring miiir'.t be fairly stiff, ajid this (‘auscs consi^lerablc wire-drawing, 
and loss of volunn'tric. efficiency. 

t * r, 

In the Uu.ston - Proctor engine the valve is operated partly 
mechanically and ]»ai-tly antoinati<‘allv, as already explained, ,A 
stilf spring is used, and the ,s])ring tension relieved during the 
su(itioni stroke, to obviate wire-drawing, but released again mechani¬ 
cally at the correct inonieiit to ensure* rapid closing. This method 
provides tlic advantages of the. mci'hanically operated A’alve, and .at 
tin* .sann* time allows the valve to rianain seated wliih^. the eneine 
is governing. 

The Campbell Engine.— The Gampbell Gas-engine (.Vmi- 
])any. of Halifax, have for many years been con.strneting vaporizing 
oil-en.gines, not only in small l)ut also in quite, large, .sizes. That 
tlierc^ can l)e any futin-i*. foi' laige engines of this type .seems unlikely 
in liie<‘ of tlic! competition fro^l\ the miicli more efficient Die.sel and 
semi-l )i(*,se1 engin(*s. Tlrt*. larg('. vaiiorizing oil-engines Avere, no 
doubt, designed and introduced at a time when the' senii-Die.seP 
engine was unknown, and tljeiv manufacture'wii>, in‘t>lie author'.s 
opinion, l)e. discontinued as scifm as the ])ub]ic have gained^sufficient 
confifjcmcc in tlie high-compn'.s.sion tvpe. 

Tlie Ganqffiell engincj* is built in sizes up to 711 B.TI.P, pei* 
cylinder, and the following data lliave been tak(*n fi'oin ■'a twiiii- 
cylindeiMuigiiie developing 140 P>.H.P.^whefi running aPa spee<l of 
180 K.P.IM. In general principlo ;4.lie o])i»ratj[on of "tlie. (Aimpbell 
engine is similai; to that of the Unfit mi-P ro(4oi-. Tn both ea.'^cs the 
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engines arc governed on the/exhaust valve, and the fuel is admitted 
immediately behind the main inlet valve, without any pre-heating 
of the air, to an imeoolcd chainiier forming an extension of the com¬ 
bustion chamber. In the Campbell engine, ho\vcv(*r, the main inlet 
valve is entirely automatic in its action; also, tlien^ is no separate, 
fuel valve, but the fuel is led to a mimlxM- of small holes drilled in 
the. seatiiiii' of the main inlet valve. i>v this means the entering air 
is drawn at a high velocity past the oil-admission holes, thoroughly 
pulvei'izing the oif. In ('tfeet,the t W(i, systcmis are similar, but the 
Riistoii-Prt)etoi; system of-usin^ a‘.small supplementaiy valve to 



control the oil admission a})peals to the author as being the more 
m^^ehanical ai’rangenienl of the two. In all oth(*r res]>ects the 
('am[>bell vaporizing ftil-engines res(*inble the gas and semi-J)ies(*l 
engines made by this tiiin. < , • 

Crossley Oil-engine. Messr.s. Cnosslcy Bi-others, of Opem- 
.shaw, Manch'ester, ha\e for many yi'ais been (smstructing vaporizing 
oil-engines j]p to #iuitn large*, powers, During i-(‘cent yi*ars, however, 
tfie .success of the semi-Diesel typ(* bn* It by this firm has led to the 
abandonment of the vaporizing 1y[)e„ <jxe<,*]it for small ])owers. ^Pliey 
are now ma(b‘*in two distinct mofhds, tin*, design used for ])owers up 
t/) 5 2 BiIl.P. having an (O'erhni^g evlind(‘r and no liner, as in the 
lluston’-Prdetor engine.'’ Fr«m B.H.P. upwards, all tln^enginps 
are built with the (;^dindor-la('ko^,integl•al with the. main frames, and 
with a separate cylindo” liner, and combustion-head, as in the usual 
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gas-engine practice. This construction is, of course, more expensive 
than the overhung cylinder, but it provides a far moi’o rigid struc¬ 
ture, and certainly makes for smootli and silent running. 

In fig. 170 is shown a photograph <d‘ tljc smaller type, and in 
fig. 171 of the largCi’. In so fai- as the admission and vaporization 
of the fuel are concermsl both ty])es are identical, and both resemble 


tln‘. Uuston-Pjoetor in all essential featui’es. 


In fig. 17^ is shown a 


section through the vaporizer and a<lmission valve, from which it 
will be seen that it dillei-s J)ut little from the Huston-Jhoctor 



I'l;', 171. ('rii.-.sley Kiiriii Oil-cii"iuu. si/,c 

. . 

arraniitniieiit. In liotli casi's the oil is admiit<‘(l at a. point M*iy 
near tin* main inlet-valve'j)ort; and, in both cases also, the fuel 
inlet A’aU(‘ is a sejiarate picc<' fitti’d loosely over tln‘ main Aalve 
stein, and operated by a collar-an that stinn. A small portion of the 
combustion chamber is left unjackett'd, and the same tyjic of ignitimi- 
tubc is em[)loyc(l. 

On closer e.xamination, however, it will be i,oti ‘y(1 that one vm v 
important feature in the l’us;Jon-Proctor (ninim' is alisentj in tliift 
ca.se, namelv, the careful shajiing’ ol the iiilet ])a.ssage to avoid any 
change of diri'ction or vc'lo^ity.' In tlu‘ (.’rosslev engini', the ])assagc 
for the air is rc'strictcd around the tuel-admission valve, but this^ 
restriction is puivlv local, and opinis out^into-a cliainbi'r rJ* ci-nisidci'- 
able capa.city immediati'ly above the iidet-v'alve heads, (^niseijuently, 
the air will pa.ss the fiiei valvc at a .high A'efo|;if\'; l>ut,^ immediately 
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after, the velocity will be reduced, aud then suddenly accelerated 
again tlirough the main valve. This, in the author’s opinion, may 
cause N’iolcnl eddying, and may tend to precipitation of the particles 
of the oil on the valve chamber, unless, as is probably the case, the 
temperature of the chamber (at tliis point) is too high for such 
precipitation to occur. In any case, (eddying would permit the 



Ignition Tube Cover 


Kig. ■'7L'.—SuctioJiol 'X'iuw of Vniioiim- iiml Cliavgint; Valve, Cio&sley KiiKinc 

fim?!v-divided partK'his oi jiaratlin I") <'oalesce again, anil must be 
someuliat detrimental to the atfunization. 

As in the ('anpibell oil-engine, the main inlet valve is operated 
automaticjdlv, and i.> theviTorc provided witli a light spring. This 
spring ("'u be adjusted by means of I'l milled nut, shown in se(;tion, 
and tlie lift of iiolli the main and fuel Andvcjs controlled thereby. 
’I’lie engin“ i.s‘ goverjie,d on the exliaust valve liy means of an inertia 
governor. I'he valve is operated through the m(*dium of a pecker- 
rod, \A .diicfi either hits or misses it, so that wlien Liu* speed is^ in 
exc'css the jV.O'ker misses altogethei- and the valve remains closed, 
tlic exliaust gases henig retained in the ('ylindcr, and alternately 
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cuinpiTSsed aikl expanded until the speed falls and normal operation 
is resumed. The governor gearing is s}io\vu in detail in fig. 173, 
from whieh it will he seen that, in praetiee, two peeker-rods are 
employed, one of whieli opei-ates direct on the valve spindle and the 
other on a .spring-loaded hloek attaelietl to the .spintlle. The pecker- 
rod open-ating the valve has a .s(piar(‘ end, hut that o[)('raling the 
block is ground down to a chisel edge. The hlock itself is litted 
with a V-gioove, and, above tlie groove, is taper(‘d olf .slighth'; also, 
the clearance between the blqck and J;he lower clii.sel-edgx' ])eeker is 
greater than that between the wdvtl and its [)eckt‘i- \ 



'Pile object of all this j,s to prev('nr what is gencially known as 
“nibbling", tlnit is to .say, to ]>reveut the ])ecker from partially 
engaging with tin* valve sU-m and then .slipping oil'. The two 
])ecker-i‘ods ar(' connected together with a distam'e-[)iece between 
them, and it is obvious that, owing to the lesser clearance, tin.', 
chisel-edged ]H*ck('r comes inp» (‘ngagement-wiih the .block first, 
and either tlro])s into the Vi-grooA’t* or slide.s over the J'op of it. 
In (l^ing .so it ensures tha,t the upper [)e(;ker, whieh is constrained 
to move parallel with it„ .shall eithei* comi' into fair ^^ngagernent 
with the valve .stem or ini.ss it aliogether. Partial engagement is 
tjius prevented. All this is, of course, detail ri'tiivem'eJit, but 
it is upon .such details that the .su(‘i"?.s.s ot an engine kwgely depends, 
and this one is w'ell worth noting. 

\'ni,. I. 


26 
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The leading dimensions of the 
are as follows:— 

Bort- 

Stroke ... 

Number of cyliiulei’s ... 

Piston area 
Swept \olumc .. 

Maximuii'if B.H.P. 

K.P.M. ... 

IMstoii .speed , ... ... 

lirake mean pre.s'sifre tv/O' 


8-B.H.P. Crossley oil-engine 

(j in. 

... 11 in. 

... 1 .’ 

2S-2() .s(p ill. 

... 811 eu. in. 

... 8 . 

... 840. 

... 024 ft. per minute. 

... (i() 11). per square inch. 


O < 4 # 

'I’iie brake mean pressure, GO lb, ’pc*!* square ineli, is soniewhat 
high for an engine of tliKS elass, aitd this is doubtless due to the 
jsmall amount of tincooled surfaee. and tlierefore, the low suction 
ttniip^'raiure, as coniiiai'ed v.dtli most other*f>il-‘nigines of th(‘ same, 
type. No data ar«.‘ tivaifable fi-om which a.ny (‘stiniate of tlie. 
'meelianifjal elHciency can l)e obtained, noi- do the. niakiu'S state 
the, eompntssion ratio oi‘ pi-essure* em]»lt)ved, so that ft is not 
pos.sible to investigate the working of the engiiu*. The follow¬ 
ing tignres arc stated by the: makers to be the best test results* 
obtained, and ar(‘ about kO ]ier cent bejlter ^thaii they ai-e pre¬ 
pared to guarantee:— 


1 . 11 , 1 ( 1 . 


s 

li 

4 


Viu'l coiisuniiitioii 

(111. ]i('i n.Il.I’ lioiir). 
0-SH 
io:5 
I 8 I 


llralci' TIuTiiiiil Klficiciicy. 


15'0 JXT (■('-111. 

12-n 

100 


The large diop in tin* brake Lh(*rmal etficieney between full and 
ha'if load sugge.sts that the mechanical ctheiency is unu.sually low. 
In oi‘d(*r to make the indicated ihe.ruial etticieney constant at‘all 
loads, which is what, at first siglit, it woidd appear to be. with this 
system of gitverning, the mechanical eliic.i(*ne.y on full load would 
nave, to be leys than 70 ])(*]• cent, which is veiy improbable. Con¬ 
sidering the low piston speed and higl/ m(*an pri'ssnres, there seems 
little reason Avliy the me/*hanieal efhcimicy should be less than 80 per 
cent. .'V possijilc e.xplanation is that it is at least 80 j)(*i- cent, 
and that the indicated (^tficicneV'.falls with the load, because, while 
the eiigitu* ^s governing, and the exhaust gases are alternately eom- 
pi-es.sed and expanded, tjiey arc^ Ipsing beat, and at the same time 
there is a certain loss by deakagt^ ^Phus, at the end of each ox])an- 
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sion stroke the inlet vtilvc 
opens slightlj'and acertain 
amount of fuel is taken 
into the cylinder, hut in 
such small quantities that 
it is excessively diluted 
with exhaust products, 
and cannot^ he utilized. 
This, of eoui-.se, is pure 
conjecture, but it .seems 
very probable tl,jat .'some¬ 
thing- «f this kind would 
occur, and it would wr- 
tainly explain the i-apid 
drop iiu^ie lirake thermal 
ctticit'ucy. ,lf this is really 
the case it <-ou]d prob- 
alily he obviated by Ihi* 
simple expedient of in- 
Vveasing the amount of 
lost motion between the 
main.and fuel inlet valve,s, 
so that the former could 
open .slightly without 
opening the fiu'l vahe, 
and without los.s of jiirl. 

The Gardher En¬ 
gine.- -.Miissrs. L. Gardner 
& Sons, of Patrieroft, 
Manchester, have for nianv 
years Immui building vajioj- 
izing oil-engines for hot 11 
mai'ine and stationary 
work. The maiine en¬ 
gines are all of the ver¬ 
tical • enclo,s(*d high - speed* 
type. The stntioiiary ei>- 
gines are of tin* horizontal 
type, a^id are similar to 
the gas-engines built by 
the .same firm. . 





Fig. Oil-i'ngiiiC 
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The Gardner oil-engines differ fron\ those already desciihed in 
several important respects:— 

1. The bulk of the air enters tlie cylinder direct through the 
main inlet valv(‘, ^vithout being mixed witli the fuel, and without 
coming into contact witli any uncooled part, so that it is not heated 
previous to compression. (Jonse(juently, a greater weight of aii- can 
be taken in per cycle, and the volumetric. (‘IHcieney is ;tot intei fered 
witli. • • • 


2. This engiiK' does not g'oj’eri| the exhaust# but relic.'? upon 



“ IiH and miss ” governing on»Ui(‘ I'yel only. Conse<|wently, means 
have to be [)rovi(le«l for ni;iintaining the tiunperature (jf the,une<»oled 
parts when running on light loa-ds. *, For this piirpcw a se.])arate^ 
lamp is employed, and kept burning during, th-*, whole time that 
tin*, engine is running, unlejjs the lr»ad is nearly fulb^ind (]uife 
constant, in which ease the^lamp may be dispen.sed ^'ith. 

In tig. 17^^ are shown .s('ctional drawings of Tins-* 18-13.11. P. 
Gardner oil-engine, and in tig. 175 a [)hotogra])h of tl5c saim.* 
F<ig. 17(i is a sectional drawing sliwwing jLlie oil-feed amf vaporizing 
arrangements^ The oil is fed to ti)l vapoirfzi'ii by nW*hjis of a small 
pi linger-] »uni]), whose primary funcriolt it is*t>^ measure out iviaefly 
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the correct proportion of oil for each cycle. The leading dimensions 
of the 18-B.l-l.P. Gardner oil-engine are as follows:— 


Bore 

Stroke ... 

Number of cylin(ler.s 
Piston area 
Swept vt)lmne ... 

Conipression i-atio 
Maximum B.hI^P. 

R.P.M. .... ’ ... 

Piston speed 

Brake mean pressure {tjp) ... 
Diameter rf)f air-inlet va^J/e port 
Lift of air-inlet vjilve 
Etfeetive area M opening 
Diameter of fuel-inlet valve port 
Lift'of fuel-inlet valve ’ •... 

Effective area of ‘opening 
Diameter of exhaust-valve poi-t , 
Lift of exhaust valve ... 

Effective area of opening 

Ratio, piston area to comliined inlet 

Weight of pi-ston ...» 

■ Weight of connecting-rod 
\yeight of reciprocating parts 
Weight of reciprocating parts per scj 
ofipis^ton 


irea 


uare incl 


8-5 in. 

!.« in. 

1. 

57 .sq. in. 

912 cu. in. 

:V86 :1. . 

IS. 

240. 

ft40^ft. jter minute. 

()o A), per square inclif 
2 in. 

OT) in. 

314.sq. in. 

1 in. 

0 25 in. , 

0 785 sq. in. 

2 5 in. , 

0 (525 in. 

4-,92 S(|. in. 

14-5:1. 

.^17 lb. 

87 lb. • • 

76 lb. 

I 

i-.3;i lb. 


• The mu.st striking feature of tin* above figures*i,s the higli brake 
mean pre.ssure of Go lb. ]>er square inch, which i.s an txeeptionally 
good result for such an engine, and is flue, no doubt, to the fact 
that the bulk of the air (“.scapes heating until after tlui end of the 
suction stroke. , * ' 

The following result.s arc given by tlici makers as the best figure.^ 
for fuel con^sumption and eHi'clency that they liave obtained on a 
test of one (,»f tlie.se engines:— 


!.»■ 1 (r..H.i*.). 

IS 

9 

• 4-5 


Vue] (‘onsiiinittiim *, 
(11). iKT JJ.lI.r. liour). 


f)-705 

0-7.50 

0-S.3s' 

;-142_ 


lirnkr Tlicniiiil Kfticicncy. 

18-s per cent. * 
17-7 •„ 

15-8 „ 

n-7 


.• 2“25 (total per hour) — * 

‘ * . V 

The.se results are* superior'to any tliat have been obtained from 
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the engines i)rcviously dcseribed, but fbut is exactly what would be 
expected from tlie higher mean pressure! and e.oinpression ratios that 
(■,an be employed. The mechanical eflicieiniy of this engine is not 
stated, but by etahiulation the figure ai-rived at is 83 per cent. If 
this figure be taken, t 11 tlu! results become: - 



1*. H 1*. 

l.H.l*. 

McvhaiiiCH] 

KdifiiMif.v. 

'I'licriniil 

Kilicioicy. 


IS 

/l ■% 

I’ev ijpiit. ; 

! 

•* 

Per ccAt 

22-7# 


Vi-r> 

17-2 

7s-r> ! 

.22»r) * 

\ 

!) 

12-7 

71 • 



4r) 

a-2 

j 

. 21-3 


0 

3-7 . 

“V 

21*7 


*. 

—* — 

• 1 

- 


WaI) an eJi_uiiH‘ siyh as this, using “hit and missgov^'rning 
oji the fW!l, the indic.fited thermal Vdlic'iejK!}'juigljt bi* 1‘xpected to 
je'inain nccirly (‘onstant at all loads, and it is (‘\ ident tlnit the tigur'e 

taken tVft- tlu‘ mechanicai' elHci(!ji(!V cannot be. vi'i v wide oj'llie mark. 

•/ •/ 

'file, ail-standard (‘fhchaicy is appi'oxiniate'ly 42 jier cent, and the 
relativci^elHciency .")G‘2 ])t“r cent, 'rhe^ae-tual brake* tlu'rinal etficuyicv 
of this engine is fairly,high, but it is, obtaiiu'el at the expemsc ejf 
a •e!OMside*ral)h“ amount of extra e‘omplicatie>n as conipare*d with the 
(Voss ley, Ituston-Proct.or, and ('am])he!ll e-ngiiu's, .Also, tlje tem- 
jieiatui-e! l)f the* va]K3rizing snri'ac(*s is ne)t. automatically maintained, 
but reijuires the use* of external hf*ating, which must‘be applied^ 
judiciously. But in this connection it must be* aefeiiitted thiit 

.Messrs, (lardne-r have su<'c.e*(*de*d in* preiduf'mg a remai'kably Aitis 
fae*tory and reliable* jiaryftin-bnrue*!*. whie'h ree|uires the minimum 
e)f attiiention. Again, the highe*r com[)re*ssion r<itie» em|)loyed 
nc<‘essitates the* use* of wate*r inje*<*tion on full load, whie-h is 
not a ve^rv elesirable leature*? If is, of course*, a matte*r whie-h 
the* makeu'S aloue*. can deciele* as to,whethe*r the* extni e-etmj)lk*ation 
involved in sue-h a sysnTrn is justifi*(*el by the* highei* efiie-iene*,y 04 * 
not. • * • * • 

Gardner oil-engines Inivf leuig sine-e* establisheel fowthemselves 
an ftxeeellent repntatiem fevi- iijliability iinel e’fticiene-y, tljanks to their 
exe-.ellemt wofkmanship •and thee ^eaie'ful and conse'V*;^ous testing 
whie-h e*very engine unelcrgeies. • ^ • 

• Hornsby-Ackroyd Engine. *Iy tbe! lIornsby-'Actroyd etil- 
engine, anel.many eithers of the**lame* type, a senfft*what different 
prineiiple is empleiyeel. In these efngines tlfe: tiombustioii e*luvnbpr is 
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divided into two coiii[)tutments, se})aratod fioin <jiic auotliei' by a 
narrow restricted neck. The outer eoinpartinent is in the foiiii of 
a plain bulb, whicli i.s (‘itlier partially oi- entirely iinjacketed, while 
the other coinpartnient is eoin})let(‘ly jacketed and contains both 
the air-inlet and exhaust valves, '.riie cycle of operation.s is approxi¬ 
mately as follows. 

Beginninfi:^ with the .siu-tion stroke*, cold air alone is diawn in 
through»the main ijilet val\e. At the, same time paratlui in a liquid 
form is s])raved., bv means of‘a ^foree-^mm]), into the heated bulb, 
whicli is leftf fuW o^’ r/*sidual’ exhaust products. ^)uring the suction 
stroke* the paraffin is ^ap()rizcd b\’ the heat frean tbi* bulb and the 
hot Ji'sidual exhaugit gases, ]ari, owing’to the restricteel neck, It does 

not come into contact with the air in ti%c c>l'inilei‘. At the end of 

« • 

the suction stroke 'rhe cylinde'r jiietjecr is filled with neaily pure air, 
and tlie bjilb w’ith ]»araffin Vapoui and (“xli!ni''t gases. During the 
compression stroke f.'lie air* in *the c\linder is driven tW.ougb the 
restiicteel neck into tlie hot bulb, whcie* it mixes with tin* jearallin 
vapour. i)ui‘ing tin* greaiei' porti«*n‘ot tlie* *-omj)r(*ssion sti’oke, and 
until quite near the eiiel. the ejuantity oi air that has ente'ied the 
bulb is insijfficient to pe'rmit, of combustion, anel it is only durijig 
the last portion eef the ciuujn-es.doii stia^vC ^hat a, e-ondnistible 
mixfure is formed. Ai the e'xtre-mc e'lid of the* eeunpifssion 
.stroke.the cemtents of tlu* bulb are in the ce>rre*ct. ])](»]»ortion for 
combustion, and ignition takc.'> j)lae-c jiartly from ‘the heat 
and prc.^stfic* of (;omj)re''sie)n' anel ])artlv frean the heat of the 

Jt wonlel a]>]M*ar tUfil in tin’s syste*m the* actual time*^e)f ignition 
would elcpeiiel U])e)n V(*)'v elelicate* ])i‘e»])(»rti<|}ning, lot only ot the size* 
of»the! bulb, but also of the* i‘xae*t (|nantity e>f e.al ai.lmitt'*el. anel 
the e*xae't tenijeeiature of the* walls. Featnnatcly, hoW(*vei'. paraffin 
—w'ith all its vices as a fue*]- lias (An* geioel f(“aturc, namely, that 
the* temjie'ratnre ejf ignition is hirg(*ly elc[)ende‘nt ujieai the* jire'ssnre 
t»f com])ression. so that e*V(*n though the*'tempi*rature ejf the eon- 
tenits of the* lailld remaincel e-emstairt, the* ])oint eaf ignitieai might 
be ehiteriirtiied by the* cemqiression i5i*e*ssnre alone. The degree 
of e-eaiqire.ssi/m does, of e-our.se*, rerqi|i]-e* careful aeljustment,'anei 
is dejienderri/' npem the exact gi;-iele of fliel which 'the* engine is 
nosing: but neithei* thee nne-e)e)le*el surfae-e of the* bulb noj* the 
quantity of thee fuel reepiv’d a elegre*e eif aecurae*y eif aeljii.stnienl 
that is not ea.'^ly ejbtaihable i^' a e*omme*re‘ial e*ngine. Feji tlie 
adjli.stTwent of« the eljifijiressidn .‘iii Ojieniiig is jnnvieied in the 
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water-jacketed portion of the combustion space into whicii ])lugs 
of various lengths can be fitted, until the re(|uisitc compression 
ratio is obtained. 

A very curious filature of the lIoriis])y, and otliei" engines of 
this class, is tliat it is possible to var)' the. loads over a very con- 
siderablc range by (jualitative governing. This is no doul»t due 
in a great measure to tin* stratifieation wliie.h the hot lj<db provides, 
and it is ])robable that the same engine, run as y. gas-cmgiiK', could 
b(‘ made to go^■(‘rn on the »juaiit|it^e system o\^r a wide range, 
of load. AVdtli an ,jhl-eiigine such as this, howtfreif it'k very sur- 
prising that (|U?^itative governing should be possible, because: 

1. ;\t liglit loads the temporature of the biflb will fall owing 
to the lovei' t(‘mpej-atines; TmdV^inee the lu'atof tin' bulb is largely 
relieil upon to ignite, tlw charge, it is rt'a.scniablo to su])])Ose yither 
that it will not ignite ft on light loads yl* all or that, oi^’l'nll load, 
it will ligftt jirematuj-ely. * » 

If the charge of yii ailniitled to the bulb at laieh cycle is 
varied, it is clear that the point at which sutheient air has entm-ed 
j:o ('liable eonibfistion to take place* will also vary. • 

k » * • 

Presumal)l\' thes^e twp eonditions to xnne extent eoiniti'ract one 
anolh**!", so that on light, loads, although tin* bulb is eolder,* tin* 
mixture contains ^n^lici('ni air foi' combustion at an ('arlier ])ei*iod in 
the strok(’*and jirobably does in fact "tart to burn (*arlier, but ('wing 
to the further addition of relati\ely cool air and the ^n'tjsejna* of a 
greater pro]Jortion of exhaust products in ri'lation to tin* fuel, cvm- 
bustion is delaved and the rise of* jires.snr*; eonpiaratively slow. 
It is usual for prolonged .running on light load to appl}' external 
heat to,the bidb. d’lu' actual gi»V(*rning of the ('iigwie is elfeclJ'd 
siiuply bv allowing a certain ]ir(»portion of the ca’l from^the oil-])uinp 
to ])a.ss back into the 1‘uel tank.* 

Little data ajipi'ars to be available as to the actual results 
obtained from Hurnsbv (''tTgines. although a verv larue number of* 
such engines have bei'ii built, aiwl ai’c in succe.sstul openftion. ^Jests 
earri('d out on a Hornsby <^1-engine by the Royal .^Vgrieultural 
Society at (’ambridge* in hS9|l wielded the followin_^ vesults;- 


Bon* 

Stroke 
Maxfinum B.H.I’. 


iS ia. 
15 in. 
S. 


iUHAlIilUILl JMl.l . 

Fuel cousiHiiption (pouiuls pel’ Iiourf »()’})19 lb. 

Brake tliernial efficiency ... ■* *14’4. i»eP ee 


*14’4. j»eP rent. 
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111 1898 Professor Tlobriison tested a 25 horse-power Hornsby 


oil-engine with the following results:— 
Bore 

Stroke ... 

. 

I’istoii speed 
]\bixiiiiUTn n.H.P. 

Bii^ke nieim piys-siire (»;/') 

Compression ratio ... ,... 

Mechanical eHi 9 jency .... * ... 

Mean pressure. 

Fuel consumption ipoundsfper r>.TI.I\ hour) 
Brake theiriiiabetliciency. 

Indicated thermal ehieiehey ... ««...• 


14’.') in. 

17 in. 

20:k 

57(5 ft. per minute. 
2()-74. 

517 2 lb. per square inch. 
d-4:l. 

<S4‘5. 

■?4 lb. sfiuare inch. 
()-7/lb. ^ f 

17’9 per cent. 

21 '2 p('r cent. 


This latter appears to be the best resujt of any publi.shed test, 

, but it is ('dearly vei^y out of dfite, and [O'esurnably Messrs. Hornsby 
have beam able t<» ini])i’ 0 \e the eHiei('ney of tlieir engines since 
tliat tini(‘. The mean elieetive pressure in both ea.ses is'very low, 
and in anotln'r test, eanied out by Pi'ofe.'-sor (\‘i]»p(V on an 8 horse- 
]»ower Hotjusby engine, a nuian pressun' ol' only 28 9 11). per .stjuarc 
ineli was obtained at fullflf)ad. the brakq tluymal etficiemy being 
only 14 per cent, and the indicated etlieieney only 17'3 per cent. 
It weuld appear at lirst sight that engines of the. Hornsby t}pe 
sliould yield a fairly high mean pre.ssurc because: ’ 

. 1. Thq iiieoining air is not heatf'd. 

; 2. It is not ueeess;al•^' topestriet the area. ot'»the inlet port in 

order to obtain a. high velocity for tin* atomization the oil. 

$ 

• It secuns‘probable that the mean j)ressui‘e is limited by the' fact 
that in sindi engines only tin* aii- aetuallv contained in the,hot 
bulb can be cjiidamized and burned'; and that the re.maniiiig air in 
t?}i(' eyliud(*r lemains inert. H' this were the ease, however, a vt'ry 
high relative ellieiene.y might reasonably d)e expc'cted. In J’rofessor 
Uobinson’s’tests'the indicated efliviency was only 21'9 per cent, 
with an •aii-stand.ard eltie.iency of ]»ei- (.-eut, e.orresj)onding to 

a relative etfieienev of onlv 55‘.5 *|)<|r dent. ' 

It i.s TTjiich to be regretted t^liat. so little information is .av.ailable 
'as to .t[ie performances of Hornsby oil-engines, because the system 
is an extremely intercstpid om*; It is particularly intewjsting ‘in 
view of the fejeent srucc'^ss of .semi-Diesel type of engine, which 
i.s' but a verj slight? ifuKliliedtion of the original Hornsby-Ackroyd 
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engine. 


In fact, the possibility of ojferating upon the semi-Diesel 
cycle is actually suggested and outlined in one of the patent specifi¬ 
cations covering this engine, but does not appear to have been 
followed up. ^ 

The National Oil-engine. --The National oil-engine, built 
by the National Gas Corai)any of Ashton-uucler-Lyne, near jVlan- 
che.stcr, is a comparatively recent design, and is evi(.]i»ntly inspired 
by the Hornsby-Ac.kroyd principle. The general desigri of the 
engine is shown in fig. 17?, froiy wdiich it will ^e seen that the 
usual standard ga.yengine practice is aVlhercd* ffi, »Th‘e* cylinder is 
jiartly ovei hun^ and partly e]ubedded^ in tlie main frame, a feature 
wfiicli* is common to all Naliopal eiigi;\es oT the hprizontal type. 
'lli(i peculiar fcatuni df thifi engine lies ’in tlip arrangement of the 
vaporiz^r and method c^)f ignition, shown in fig.^178. The combn.s- 
tion chajnber is madciin the form of^aGong horizontal cube, the 
portion near the cylinder being parallel and, watei-jacketed, amj 
tlic fiirther })ortion conical and unjacketed. At the (ixtreme end 
of this Chamber a smalT igniter is fitted, consisting of an internal 
open-ended Uibe. Tliis tub(i extends nearly across, the narrow 
end of .the vajjorizer. Immediately, below the op(‘u ,end of »the 
ignition tube is a .cored passage leading back to the cylinder, as 
sin mill in thi' section. The piston is provided with a projecting 
piece, of smaller diannier tlian the cylindei-, which fits »into a 
counterbdre formed in the c\iindri(‘al part of tin' cmnbustion 
chamlier. Idit* action appears to be as follows. , 

During tin*, suction stroke, pure air is taken into fhe cylinder 
through tin.* main inlet valve, which is placed near the open end 
of the combustion chamber. At the same time, oil and air are 
draiNjj/into the unjacketed portion ol the chamber.* During tlie 
eajly part of tin* compression stroke the oil in the unjacketed 
portion is vaporized, but has* not sufficient air for combustion. 

As the comprc'ssiou proceeds, air is driven along the parallel 
portion of the combustioTT chamber towards the oil vapour situated 
at the end; but, owing to the •formation of this chamtfer, tin; ga^ies 
are stratified, and very little diffusion takes place .betw'chn the oil- 
vapftur and air. Just bMb|e*the cciupletioii of the* compression 
stroke the y)rdiectijig poHion of tjie ]nston enters thc*‘tf[)en mouth 
of the combustion chamber, witli the result that the ajir jjmit.ain^d 
hi the ^annular space is entrappAl, afid.forced at a high velocity 
through the .connecting passage V^to the**faithei' e;^itl of the com¬ 
bustion chamber. Here it prnduces‘*violeiit Curbuleflce, and'.simul- 




3')- to .'ii'-n.H.l*. National Oil-engine 
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taneously mixes the oil-vapoiu* and aiiv bringing them into contact 
with the ignition tube, from whicli tljoy are ignited. The wliole 
an-augement appears lo be an <'xcellent one, for, although the gases 
are stratified, and tlierefort* more or less stao-nant durinii’ the com- 
pression stroke, they are thrown into a state of violent tiirijulenee 
jnior to ignition. 

'riiis arrangenu'nt would appear to have an a<lvaiitjjige o\er the. 


JJornsby systym in that the temperature of the bulb ii'.self is of le.ss 
importance, since it cojjtrols V!i[>ojizat,i()n onl}' and’ is not coneerJieil 
with the time, of ignition as well, tli’e latter l»eing,.det,erniiped by the 
point at which >^he'main entry to the eonTbnstion chand>er is cut 


8ir by the j)rojecting' poition cl' the pii'jton. Vfith this syst<“m there 
appeal's to be no reason A\hy a corn pa rati Vilely high ('onipression I'atio 
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should not* be adopted, for if tlu‘ Avorking fluid be sufliciently strati¬ 
fied. there nei'd be no mixture of combustible [iroportions‘in contat-t 
with file healed [lortion of tlu' combustion chamlx'r, and tlie niaiir 
air suiiply e.sca[)es all ]H'e-heating either within or Avithont ila* 
c.ylinder. 'ilie wliole airangmiumt appears to ofl’er a gi'cat many 
advantag't's. and is docidc<1ly attractiAV, , 

’'JTie'autlior has lieeii nnabh' to obtain any information as to the 
extent to Avliich the .small ]rri 4 .snge;» in the ignition -tube opi'iiiiig 


becomes carbonizi'd u]». bill theie seems to be no reason why thjs 
should take place to any .^^ccssIav degre(‘. The engine' is govm'iicd. 
on the “flit and miss ’ ]»rinciph‘, the govetlioruactinjj; ujion the 
small pumj) which delivers oil to the \’n[)orizer. No pfovision is 
mada for maintaining a unifoyn, temperaturf* in the A'ajiorizer, and 
it is said that this is unneeessary catii Avhen running fin J he lightest 
loads. It is obvious thaf'if the igliition be timed, as in this case» 
by the jmitioii of the jriston, it yiusU in Any ease talvo place at 
some period before the eml of the ^'onijinytsiop stride. Although 
the rate of inflammation may be eoin]mratiA’idy,sloAV, Uicre is {^Iaa'iw’s 
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a certain risk of the pressurej rising too rapidly, especially on heavy 
loads, when the temperature of the vaporizer is high. To obviate 
this, water injection is employed on the heavier loads, the fuiKition 
of the water being to retard tlu‘ rate of infianimation, and, at the 
same time, to cool the bull). 

A test which the author witnessed on a small National oil¬ 
engine, of horse-power, gave a fuel consumption of 0'G9 lb. 
per B.^.P. Hour, corresponding to a brake thermal ^elliciency of 
19-2 p(*r cent, ^^hetlier thi§ is an exceptionally good result for 
this particjiiar ptype^ of engine ‘the"autlior is unable to say, but 
the design is clearly onV' from which a comparafiv^/y high tlierrnal 
efficiency may be expected. " ' * 

The New Blackstdfie Engine.,— A very interesting engine 
has recently been .|ihu*ed upon tin' market by the Blackstone Ooni- 
pan\-,*’and is known as a “ oold starting" oiF-engine. In this,engine, 
pulvcriza'ti'on alone is iclic^l upon, and the fuel is drive^i i?.to the 
cylinder bv means of a high-pn‘ssure air-blast. By this nx^ans the 
fuel can be .so fimdy ])ulv(‘rized as to* be readily combiistibl? and all 
preheating i.s avoided, consequently a faijly high compression (‘an 
be safelv n*sed, and als(.) a high mean ])r(*ssure. These* advantages,* 
however, are obtained at t^ic ex])(*nse of a^good deal of extra, com- 
plicfdion in the form of a high-pressuri* air-cornpr(!s.sor, alv^ays a 
costly. j)i(*cc of ajrpai-atns, and none too I'cliablc at the best (jf times. 
The {'iigine, however, is (*xlrenicly interesting, and time*alone can 
show wiK'i'iici it will he able-to liold its own in (‘.ornijetithm with 
flic other K.a-ms of liquid-fuel internal-combustion engines. 

'The engines described above represent only a' very small pro¬ 
portion of those on the market at the jrresent time, bfit tlmy may 
})(j taken as fairly I’epreseiiLative. In view of tin* fact that this 
c]a.ss of engine is being rapidly sup(*rscd('(l by the much moi’e. 
efficient semi-Diesel (‘iigine, it il^ uot„prop()S(*d to devote more space 
tQ it. Ifi the somewhat .'-iiecydizcd liedd' of motor-boating, a very 
•lai'o’e iiumbef of vaporizing oil-engines aiT,->liowever, .still used. 
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THE DIESEL ENGINE • 

It r 

• * ' ‘ 

Tiie Diesol c’l-phgine luis, during tlio last fpw years, assumed a 
jJbsitioii of very gveat proniiiien'eD in tli*' public eye, and has largely 
eclipsed many of the other types of int'eiTial-cohihustion engines, 
espcM'ially in the lay mind. This is largely due to its undoubted 
merits, ^lut. it is also to b'e aeeounled for by an extraordinarily Avell- 
organizwl and eomjirelKUisive campait^n ofadvt'rtisi'inent fiiVoughout 
tlie whole of Europe, not only in the technical, but also in the la\^‘ 
pri'ss, with the result that the r.)iesel eiigim' has assunicNl a deirriM' 
of im})ortanee in the jiuhlii' mind to uhich it is not entitled.. In 
^he following pages, tluuefore, tlu' writer will endeavour to put the 
mei its and demerits of the ])i('sel as impartially as possible, without 
magnifying tin* former oi- ignoring the latter, llv dint of ear. ful 
ad\ertising tlie public has been lured into the belief that the Dh'sid 
engine wil'. ultimately re])lace the steam and tlie gas-engine as a 
prime mover, not only for stationary jmiposes, l-ut*' also for 
marine and locomotive work. There is a general belief that the 
etticicney of the ^Diesid engiu(‘ is something like double that ol 
the gas-eng^iie, that it can be constriu'ted hi any size, and up 
to any power, and that there is no purpo.se for vvliicli it is not 
8uiti‘d^ ^ 

In “booming’' this type of engvne its ])artisans have made a 
clever use of two argiiint^nts;—(l) That since the fuel is not 
admitted to the (‘iigine cyikider’untihthe end of the compression- 
stroke, therefore pre-ignition, the bugbear of the lxjiIoIs’ou type of 
engine, cannot occiii'. (’2) That the imlicated thermal etiiciency is 
from ^5 per cent to 50 per .cent.,and, tliei efore, enormously greater 
than that of any other knojvn form of piime mover. ' 

Neitlier of these aiguntents is really convincing to an (yiigineer 
wbo has seriously studied‘tlie subject. In tlit* first ea.se, jtre-jgnition 
can, and does, occur if bv anv ehanvcthe Hr.?! finds it^wav into the, 
cylinder, either through a missfire 'Arhi leaky ,or sticd;y fuel-yalve; 
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and when it occurs, it is more daniijcroiis than in an explosion 

en<;iue on account of the, very niucli lii^her compression-pressure 
wliich is employed. Further, tlic indicated tJierinal cthciency of an 
engine is of purely scientific, interest. It is the net., or brake, 
thermal elii(;iency wliicli alone is of any conscfjuence. Now the 
net thermal efficiency of the Diesel engine is l)ut little highej' than 
tliaT of the oas-engine. tin* difl'erence l)eing only about 10 per cent 
in favour of the Diesel. Moreover, the indicated theimal efiiciency 
of ilu! i)ies(‘l engine i^!, even from the .scientific. ])oint of vi(‘w, of 
merely tic<-rlif>us ’'-alue. because hair which has been com])re.ssed ex¬ 
ternally, and not r('c<)fdcd by the indicator, "is^admittei,! to the 
(Migine (‘} linder during 1 he'.‘xnansion stroke, whci'e it appears dfi 
the civdit, but not on the debit, side- f»f tlie account. The high 
aj)paient indicated th(‘rmal efficiency arguuK.nt has Imhuj used to its 
utmo.st. (‘Specially with shipbuilders, who arc. accustonu'd to reckon 
the power'f»f their .^cam-LhigiOes on the indicated, and not'on the 
shaft hor.-.e power, with the result that <'om]»ari.sons are drawn which 
are gro,s.sly un just to th(‘. steam-engiiie. ’ 

.Vgain. it is gem'rally believed thar’th(’, Diesel engitu' works with 
fa’’ lower maxiinuiu temperatures than the ga,->-engine, and thaf, 
as a result, it can Ih' built bi much larger ])ow(‘rs Axithout tin*, danger 
of .'i'tructural failure due to the. stres.ses s<‘t u]) by the temp(?J^'atwre- 
gradiimt through the (;ylin<ler walls, 'fhis belief is entirely un¬ 
founded. It is true that, for e(|ual mean pressures, tin*’'maximum 
temperatp're of the gases in a Dit‘st>l engine is slightly lower than 
in a gas-eihgine. On the other hand, owing to the A’erv much higher 
pressures that might be .set uj) in tin; event of pre-ignition, it is 
iK'ce.ssary to employ much thicker cylinder walls for the '-ame .size 
o^' evlinder tl'an in an exphjsion engiia*. ll(‘nc(‘. the stres.ses due to 
temperatun'-gradient arc* greater, with the result that the linhf, of 
cylinder diam(d<‘r is reached earlier in the Die.sel tlian in the 
g'ls engine. Ga.^-engines, with fw'lind(irs'up to ul in. diameter, are 
in daily u.se, and ha\c beeif a comnieM'tial jm.ssibility for several 
y(*ars past; but, up to the beginni’ig (jf IIH."), no Die.sel engine has 
been put into operation with cylindeis larger than in. diameter, 
though a few experimental enghuis have been con.structed with 
.slightly Ir.iger cylinders. 

In spite of this fact there have been, from time to time, oubu’ies 
in both the technical and lay jj'-e.ss against tin*. Admiialty for not 
experimenting with lliesel eng*b.<‘s for tin*. ])ropnl.sion of the late.st 
type.s of battleships aiid batJe-crui.sers. Sucli outcries .show how 
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little the limitations of the present-day Diesel engine arc under¬ 
stood. * 

The high thermal otlicieiicy of the Diesel engine is recognized 
on all sides; but its coinpaiativcly low coininercial efficiencx' in a 
country such as this, which is not oil-producing, is not always 
appreciated. The fuels suiiabh*, and generally used, for Diesel 
engines are the better qualit}’ rissidual oils, i.e. crude petroleum 
after the petrol and pai-atiin ha\ e betm riunoved; and^^to a limited 
extent, tar ’oils. Now, jieith(‘r of these are sipiy Jongcr waste 
products; on the contrary, both Ini'll? a high and steadily rising 
market value. ,^In'19L4 tin', cost of resiiluab (ills-in this country 
•’as in the neighbourhood of. (JO.s. ])ey ton. 1'aking the average 
fuel consum])tion of a Dies(d cngiire as X)’45 lb. ])ei‘ B.H.P. hour, 
the. cost of fuel per 13.11. P. hour becomes 014:4c?. With a steam 
plant, lining coal at 1 (5s. per ton, an<l consuming I'a lb. [)er B. II.I'. 
liour, ^vliicli is about The (jonsuinption t)f a raedimu-siKed steam 
turbine of^say. liOOO B.H.P., the (ost of fuel becoini's 0 l‘J0f?. [)cr 
B.H.P. houi'. Again, with a gas-(Migine a.nd ]>ioduc('r using coal at 
l(5.s'. per ton, and consuming 1 lb. [)er B.H.P. hour, the cost of 
• fuel per, B.H.P. luair becomes 0 ()H(5d. 

'I'he’cost f>f fuel in tin; three cases is, therefore;— 


(las-cngiuc and jn-odneer (l»itiniiinous) 
Steam turhim* 

Diesel entrint; ... .., 


JVllUl', 

n.lJ.r. Hour. 
0080 
0120 
0144 


1'hesc tiguii‘-s, however, are based on the assunqdion that the 
engim'S ar * working at full power in all cesi's. a condition which 
places the Dic.sel engine, "in the most uufax’ourable light, becausi' it 
tak^ :4'0 ac.count of two very valuable [irofiertics wliVdi the engine 
possesses: (l) The fuel consumptio.n ]ier P.H.P. hour is practically 
the. same between lialf-hiad and full-load; (2) it can be started 
instantly from (;old, heriw' tluye ai*^‘ no stand-by losses. 

In order to view the inattei- in a. fair light, it is necessary tb 
compare the cost of fuel when all three types are working under 
commercial conditions. . 

Diesel Engines for Po'wer-station Work. - Ia*t us con¬ 
sider the conditions of yjieratioiijol* a. plant retjuired tb deal with 
a peak load of, say, OOgO B.H.P., and witji a load-tac.tpr of dO per 
<;en(, which is a not unconnnon couditkiii in a snndl eh'ctric-power 
plant. 'Pin; efficiency of both gasjliiid Dihsel engine.s is jiractieally 
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unaffected by the size of the individual units; therefore, from the 
point of view of fuel (jonsumptioii alone, it will pay to use com¬ 
paratively small units, say U) units each of 600 horse-power, not 
counting reserves. In the case of the steam })lant the efficiency 
depends very much upon the size of the* unit, atid therefore it will 
be desirable to use the largest units consistent with the load 
factor, say units each of 2000 B.Il.P. 

Now the.^'.^* conditions all hn our the Diesel engine, because there 
will bc'iio stfind-bv losses, and owinu; to the laroe uui'nbcr of units 
no single unit no-nl be run at dn ^inetHcient load. Therefore the cost 
of fuel mat again i.te taken as 0'144f^. per B.ll.R ho/ji-. 

The same ajiplies, but to niueli lessen- extent, 0.> the gas-engina-, 
foi- there will, be «^tand-by losses in the producers, which must be 
kept banked in readiness to inec^t ihe'peak load. The coal con¬ 
sumption in this ease mat' be taken a.-. T'3 lb. ])er B.H.P.'hour, or 
0'112^/. ],v*r B.H.P. hour. 

t In the stc'am ]j(*ant the stand-by lossi^s will be e,dn.siderable, 
owing lo the lai'ge size of the units, which/-annot always be run at, 
or neai-, tln*ir most etih-.ieut load. Suliieient boilers must always 
be b.-tnked hi readiness to meet the jieak htad, and one unit must, 
be- ke])t i-riining light, or .it Ica.^t warmed up for con.siderable 
periods, bccansi^ .steam tuibines cannot )-e start^eil quickly from 
cold. The fuel consumption under these conditions will pi-obably 
averagt' about 2*5 lb. of coal jicr B.H.P. houi-, or 0-21 q </. 

The cost of fuel under commercial conditions will therefore be 

• I. 

appi-oxiniat'i'ly:— 


Gas-engine and producer plant 
Dic.sel engine 
Steam turliines 


J’ciioi'. pet 

n.H r. n.uii 
. 0122 
. 0144 

. 0-21 o 


These figures are based u])on the cost t»f fuel alone, and the 
gaV-engiue now appears in ^the most ^Ijivourable light. If an 
ahimonia-recovery plant wi-re jiroviih-d tin*, cost jkm- B.H.P. hour 
of* the gas-engine plant would be‘still further reduced, but the 
cost of upkeejj of gas-migini's and producers is considerable. That 
of Die.sel engiqcs is less, and of .steam-turbines le.ss still. From 
the point Of view of capital outlay the Die.sel plant is probaldy 
the most! e.ypen.sive, wifh tin* gas-engine second, and the steam- 
engine tliii-d; but when .ground rout, buildings, &c., are taken 
into account ther(^ is'I'lot’very* i iuch to choose betwe'en all three, 
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aud much must necessarily depend u^on local conditions, water- 
supply, &c. 

It is not pi'oposed to deal fui’tlicr with the question of com¬ 
parative running costs, but merely to indicate tliat, from tlie 
important point of view*of commercial elKciencj', the Diesel engine 
is inferioi’ to the gas-eugiu(' Wiili the present of fuel oil in, 

this country. In llussia, and in other countries kvliere oil is 
abundant and coal expensive, these hgui-es, would Ue very 
different. The above figuiw^aie; jpot intended ,to discredit the 
Diesel engine in ai^' manner, ffw this O'ngine .cAii ^ust^ ciaini the 
distinction of l^yig the most efficient ]»Viine-mover ever pioduced, 
tjut merely tf> show that its* vqnnyci\:i;d. [m.ssibilitie.'^.are not un¬ 
limited. 

Its yi incijjal ^are - 

1. ^t is compact and self-conlained. 

2. It c?lji be startl'd instantly from cold. • 

Its high efficiency js maintained over a wide i-angc of load. 

4. It can use rivsidual oils or ta,j- oils without the ne(;essity for 
gas-j»rqdueing plant. 

These arc' all substantial advantage':*, which render the c'lmiue 
admirably suitalde for a great varic'ty of purposes. 

Its principal disodruntoyrs are:-- 

1. Its high first cost and complication. 

2. That its use, as compared with the steam-engine, ig*lifnitcd to 

comparatively sn^di powcj-^. ^ ^ • 

The 'dioiee of fuel is restricted to petroleum and coal oils, 
l)Oth of which arc' iio loUgei' waste products, ajid whose maj-ket 
valiu' i* liable' to vioh'ut ffuetuations. It is true tlfat the Diesed 
engine' will also run on animal or v^gc'tabh' oils, l)ut at tlie pi-esent 
time' such oils arc' more expensive than mineral. 

The general prineipIcTbf the Dic'sel c.'vcle and its ctticienc'y ha\'cr 
been dealt with previously. 

(.'redit for the development of this ej)gin(3 is duc,botJi*i;o the late 
Dr. Kudolf Diesel and to thei .^ugsbiiitg branch of Uie-Maschinen- 
Fabrik Augsburg-Xiirnl)urg, who jjiliowed very great*ii.Might and 
pel-severance during the c'arly exjierimc'utal stages. 4’he^inyclianical 
ditiic-ultii's to be contended with* wei-T' *very serious, and it Avas 
several years, before anything a{lrfr<)achiM*g •«, coiivmerc'ial ylesign 
could be evolved. As originallv ^oAc‘eive(f IV Ih'- ’Diesel ft ^^^as 
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intended to employ isothermal compression durinj^ the first part of 
the compression stroke, and adiabatic compression during the second 
part. The expansion stroke was to be isothermal during the first 
part, the necessary heat required being obtained by the admission 
of coal dust to the cylinder, and the temperature lcc 2 )t constant 
until a certain point in the stroke was reae.lied. Then the supply 
of fuel was,to ji>e cut ofl‘, and adiabatic exjjansion continued until 
the end. of tiie st^'oke, 

Thi.s cycle, ^which is jiractically *the Carnot cycle, of coui-se, 
provides a'very high efficiency, but- it is hardly a practical one, 
on account of the extremely low mean pressure^^ibtained. Early 
experiments, soon showed that the use of coal dust as fuel wSs 
impossible, and the constant-ternp^'raburc (rycle was soon changed 
for one employing constant pressure, which gave a far higher mean 
with the. same maxiniuTn pressure; but,, of course, a somewhat 
, lower efficiency. It was alscf found that in order thoroilghly to 
j)ulverize and distribute the fuel in the very short space of time 
available, it was necessary to inject it with compressed air. This 
necessity for the use of the high-pressure compressed air has always 
been, aud,^till is, a weak point, for not only does it add to the 
cost and complication of tke engine, but t!,'e conijnessor is, in itself, 

a sdurce of weakness and unreliability. ' •. 

•/ 

Kuel Injection. — In the Diesel engine, as at present eon- 
structedj wh(*,ther operating on the two- or four-stroke cycle, air 
alone i.;? draVvn into the cylinder,, and is compressed adiabatically 
to,a pres.sbre of from 450 to 500 lb. per square inch. This eom- 
])ression raises the tenlperatule of the air sufliciently to ignite with 
certainty practically any fuel which the,engine is intended to use. 
At the innei« dead-centre, or, in practhiC, a few degrees b(Tore it, 
a small needle-valve is opened, and a charge of fuel i.s blown into 
the cylinder by means of the highly-comfircssed blast air. Owing 
tvj the extremely high press,ure of this air, generally from TOO 
"CO 1000 lb. per square inch, the fuef^'is thoi’ouglily pulverized, 
and enters'the cylinder as a fine mist, which ignites as soon as it 
comes int^/ contact with the liighly-heated air in the c.ombustion- 
space. The rate of adinis-von of*tl|;c fuel, and consequently the 
tempei'atKre, is so adjusted that^the pres.sure is rnaiiltained constant 
during |che first jicriod of the outvvai-d stroke of the piston. The 
fuel-valve is then closed,^ and the highiy-heated air and .products 
of combustio'n^ are axpflLided ^t^fcil the end of the stroke. 

‘ It* is evident thutj to obta'in the best efficiency, it is of the 
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utmost importance that the fuel shall be so finely pulverized and 
distributed, that each particle shall come in contact with the neces¬ 
sary quantity of oxygen, and shall be burnt before it can reach the 
cold walls of the cylinder, and before the expansion coiimjcnces. 
Apart from th’e loss of efficiency, any unburnt oil that conies in 
contact with, and deposits upon, the cylinder walls, will either Imi’n 
slowly on the surface, throwing down a dejiosit of (*ai'bon, or will 
mix in a partially burnt condition with the lubriciati'^ig oil on the 
cylinder walls, and so interfere witli the pistoii lubrication, and 
cause gumming of the piston-rin^^s. ■ ,*•**• •• • 

Effect of^VaWe Leakages. — The* fuel-valve is generally 
Sui)plied with fuel oil by mp*ins of a* small •plunger pump, which 
delivers the oil to tho valvt s^nie time Vefore it is required. It is 
allowed^to remain there until the valve is opened, when it is driven 
into the cylinder by jiieans of the higlily cobipressed air.* d’he 
valve itseif is always under air pressure, and, it is, therefore, very 
important that it shall be kept tight, for any haikage will involve 
not only* the loss of bhisf air, but, also, some of the fuel oil will be 
driven into thji cylind(‘r as soon as it reaches the valve, and at a 
'time w|/rn it will only increase tin? negative work, ff the fiijve 
should stick opcm froiq any cause, tli^ whole of tbe oil will be 
dj'i^'cii into the rylindo- as soon as it is delivered from the jitimp, 
and it is conceivable, though highly impiobable, that it tnijjhi be 
driven iif just before the end of the compression strolg*. and so 
result in a very serious pre-iggitiom * * 

Again, if either the fuel or air-starting valv<‘s should, bom any 
cause, remain o[Vn so as to admit <iir to the cyliiidei’ during’*thc 
compression stroke, it is^clear that sui)ercharging of the cyliiuh']- 
will take place, and the compression presMire may j,)e raised tq a 
(bpTgerous figure. The rise ot ])ressure du(‘ to this source is, how¬ 
ever, comparatively gradual,*and T'an be guarded a'gainst by thc 
employmcnt of a relief valve adjufjted to blow ofl at A pressijiv 
of, say, dot) lb. [x'r scjiURv^ incli.' )^ifch a valv(‘, howe\t“r, owing t*) 
its inertia, will n<jt be able to ],“eliev(* very sutldeM risCt* of pressure, 
such as occur in the invent*of ])re-ignition, to any gteat extent. 
Finally, it is (dear that, uiidei; certain e/»inbinations ot ejre.umstaiie(is, 
it is possihh^ lor the futi va]v(‘ to remain open, ai?il«thps [iroduee 
both supercharging and pre-ignition, and this is the gi'eat(«t danger 

ull . » . • • • • • 


of all. • 
1 

tliis 


Leakage piust, at all costs, be ;*^^3^id(*(1 i/i {igDieseV'ingine. because 
is engine depends solely upon thfi adialia^ic compression, of •the 
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air to provide the necessary ^cat to ignite the fuel. Sliould there 
he any serious amount of leakage during the. eompression stroke, 
tile temperature of the air may not be sufficient to ignite the fuel. 
Under tliese circumstances tlu' fuel will lie partially vaporized, and, 
unless all the vapour be expi'lled during the following exhaust 
stroke, it may Ik* ignited during compr(‘ssion, thus causing a serious 
and often dangerous pre-ignition. To avoid this risk of leakage 
very great cart must be taken in the manufacture of such parts as 
jiistons, liners* and valves, for ijot onh’ jnust they be machined with 
extreme accuracv/but thev. musy alko be thoroughly annealed in 

»■ ‘T**/ 

order to avoid deformation when heated. All tf'iis, /jf course, adds 
to the cost of tin* engine. • 

Compression*Ratio.T- It has'alr(*iidy b‘*en pointed out that 
the air-standard etfiei'ency for a cohstant-pres-ure or Diesel engine 
is deptndcnt, not upon thejvitio of ctnnpres.sipn alone, but also u})on 
the niaxiilu'im teinjK'r/iture.* The air-eyitlc efficiency dinpni.'rhes as 
the temperature (and tln*refbr<‘ the mean pre.ssure) incr(‘as(*s. The 
ideal ellicicncv for the actual working fluid‘diminishes with<.increase 
of tenijierature to a still givater degree on account of tin* incr(*a.se 
in th'e specific heat of the ga.ses. and the actual (*ffici(*ncy-obtained * 
fiom test figures shows the ^.sime decline. It has also been pointed 
out tJiat for e(juul <‘ompr(‘.ssion i-atios the air-standard (*fficieni,-y of 
the I)i(*sel engine is lowei' than that of an explosion engine under all 
working cpndilions, that the air-standard efficiency of tin* latter is 
indepeinleni ot' tin* temperatuiv*. and that the c*fliciency of both is 
the .samo*at»the ]K)int of‘no-heat Mij»j[)]y. 

Ki an explosion engine tin* i'atni of eoinjac-ssion ^t'lnjdoyed is the 
highe.st that will en.snfe against spontaneous ignition oT the ga.s(*s 
due to the hcjp of eom]>res.sion. even when the engine is hot and 
dirty. In the Diesel engine tin* ratio g(*nerally employed *is'"ihe 
lowest that will ensure spontaneous igliition. even wh<‘n tin* engine 
is ylean and cold. In both cas(!s the a(*tnal figure em])loyed is 
(k‘l)endent to’some extent upon th‘c natwi*.* and ignition-point of 
the fuel. I\'/fn tke jwint of view pf indicated thermal <*flieieney 
alone, it is pbvious that the higln'r tin* coinpres.sion the high(*r the 
(‘fficiency: but the increhse in elficigncv bctw(*en. .sav, a lf{:l <ind 

J ^ ^ ft . i 

a 15:1 cony;)i;f*sSiou ratio is eom])aratively«,small, b<‘ing only about 
2 »i»er ceikt. The increase in ma.xiinum ])ressnre between the two 
ratios in fJie'event of pr('-ignition ,is about '10 per cent. N(jw' it is. 
clear that the c^echalli^;al.J!^iici(*Y•}^ ^ ii<»fhing of the cost, is 
dep«nd(i'nt upor\*the ratio of thei nwiximnm abnormal pressure to the 
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raeun pressure, because the mcchaiiicral eflHoicncy depends mainly upon 
the weight of the reciprocating parts, which, in turn, are governed 
by the maximum pressures. Between a ratio of 13:1 and 15:1 the 
difference in mean .pressure is inconsiderable, but the dilleience~iu 
maximum pressure is very large. Consequently, tlie highei- 
compression pressure would bring about such a redmdion in the 
mechanical efli(;iency that the net thermal ('tiiciency would probably 
be actually reduced, while the weight and cost oS,the engiinr would 
be inc.reas(‘d almost in pro|TovtioM Po the inci-ea*;e in maximum 
])ressure. Fron,^ tli^; above ('.onsideration it is'cTeaiP that it is not 
(J(‘sirable to incnyise the conijn’ession pressure in a Diesel engine 
above the minimum which will ,en,‘flirc ignition of the fuel. 



CHAPTER XXVIII 

I 

FUEL. IJMJECTION 

I 

It is ol»vii)us that tho'practical .success of a engine must 

<Ie])eii(l VC IT..largely upoij.tlfo pulyerlzafion and distributioif of tl*c 
fuel, ami attention ipust lie coiK'-eytratcd updn the fuel-\'alve, whose 
function it is to Control: '(]) the rate of adfnission; (2) t^e degi'(‘e 
of pulverization: and (.‘l)'the distrihutiom of the fuel witthin the 
iCOinhustion-.sjiace. / * 

1. Rate of Admission. -In the id(‘al constant-pre.ssurc cycle 
the fuel is admitted at such a, rat(‘ that’its combustion Inaintains 
a cpi'jstant,pre.s.sure within the cvlindei-, throughout the full period 
of admisshm. In pi'acti(‘e< no fmd-valvi' will do this,'*?ior is it 
desiralde that it should do so. If fiie odmi^ssion of fuel be too 
rapid, the pressure within the cylindei' will risf above thf com- 
pressitm pressure, and, within j(‘a>onable limits, this is a desirable, 
feature, for the (Tcle then a])])roaehes inoi‘e nearly to tl'ie constant 
volume.cycle, and the eljicien'i'y is' in con.sc(juence., inijiroved. The 
pressure of compression is, however, alriaidy so high that any further 
considerable rise mav'ju'O''''* 'destructive to the fieai'ings. Jt is a 
coniparativ(*ly easy matter so to d<*sigii t]ie fuei valve that the pres- 
.sRre .shall be*maintained within .safe, on ihe one hand, and^ on the 
other hand, economical limits, providial that tli(‘ viscosity of tlie oil 
fuel remains the same. Unfortunateh', the viscosity varie.s erm- 
.stdc'rably, md onl}' with diffenMit sam])les of fuel, })ut also with the 
‘same fuel under varving teinjieratures. In an engiue .such as a 
.stationary Engine* which runs at a constant speed, it is not difiicult 
.so to adjifst the fuel valve that the ^U'essnre shall remain ajijiroxi- 
m/itcly unifoi'ip when the efjginc hav neaclied its noiinal t(‘m})ei1iture, 
and so liJng as the brand of fyel u.scd J'emains the .same. In an 
engine ueqpired to runpit variable sjieeds, however, tlu; difficulty is 
very great indeed, bci-ny.iidif t^ie rate* of fuel adnii.s.sion* remaifis 
coiLStajit on a time Ufsi.s^ it isidlliVious that a given (juantity will be 
aifinitled carfier in 1:he ..strol<(‘,*at low .sjieeds, and later, at high 



FUEL INJECTION 


425 


speeds. Thus in the one case tlie preseurii may rise to a dangerous 
degree, and in the otluM’, combustion may ho so far delayed as to 
cause a considerable loss of (‘fiicicncy. Again, at low speeds, the time 
during which the fuel is lying in the hot valve cliamber is longer, 
hence it takes up more heat, ami its vis«'o,sity is reduced. This will 
result in still more rapid injc'ction, and a still fuither rise of pressure. 

All these conditions (tan be <-om[)eiisated for t<^ soipe extent by 
vai-ying the»blast - air pi essui-e, which is Jarge]^'^ instrumental in 
controlling the rate of admission^ but this recpiires very careful 
ailjustiuent. ^ u.^arine engines, *a reduction, in* i§ always 

acconipani(Hl ])y ^a (^oriesponding reduction* in load, ami, since the 
ratio (51 mean in cssure to speed is, definite, it is easv to varv the 
ail- pressui-c in accortIanc(^ wdth the engine speed. Up to the 
present jthue, l)i(\sel eAgincs have not be^.n iisi'd for inotoi* trac-tion, 
nor ddes there secnii •any jirospect of their Ix'ing^ so emjdoyed, 
for the siniden (*haiig('s, both of spec^l and loa<b that an* dcmianded 
of a traction motor could not be dealt with by a Diesel engine, 
unh'ss some cntirelv new mctliod could be devised for re<iulatine 
^th(‘ rate of a(knission of the fuel. 

*2. pulverization of Fuel. —^ht; degi-ee (^f pulverization *s, of 
course, of iirimaiy .impvrtaricc. It is 'obviously essential that the 
whoifl of the fu2l shall be divided into sncli extremtdy small* par¬ 
ticles that each can vaporizer and burn coinpleb'l}^ during the Ncry 
small space of time available. The find issues from the valve in the 
form of extremely fine globule,frafelling initially at a* very high 
velocity, correspomling to the ])]-cssur(* dillercmie between tin* hlasl- 
air and the.j^cylinder jnessuii'.. Dwiitg, liowi'vcn-. to the .small wt^ght 
of th(‘ ])ai-ticles, their inei;tia is small, ami their initial velocity falls 
V('r\' r^ipidly. On coining into contact with the highly-lieab'd ,air 
w4thiii the cj’linder, the,se glohiilcs begin to vaporize on the snifaee. 
The vapour thus formed^ ign*ites on coming into contact with the. 
oxvoeii of the air. ami from then cii tlic i)arli(*l(*s l)ui-n hntil tUev 

tt r? M ^ ^ 

ari! completely consum?(l. 

Kaeli globule of oil mn.st bo considered* as ti s])lA3rc of licjijid 
imniediati'ly surrounded l)y “^in atiuos]there of pure oil va[)Our. At 
a gfeater radius, the atm(5sp’»ei*e consists of burning oil vajtour and 
air. The lujuid in the f'.entre of,the sphere is rapidfiy .vaporizing, 
due to the heat radiated by the outer layer of buruiiig vjfpput;, and 
'tliis (lohtinues mitil tlie*whole of*the fcptral core of li<juid has been 
vaporized and burnt. Tlu^ rat^ft^pf liu^nw*g de^t^ids upon the 
diameter of ea\*-h glohuh', ])rovide?l, bf eoufst*. that i*t is surrounded 
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auovo a^-erriuii TciHprvaiiuv, miu-ii tiu‘ same thiiin; w’.ll occur: 
case, liowcver, the cai hoii wiJl oiqt adhere to it, l)ut will flake 
Froiv the alvDvt't;oiisidci'at.ioiis, it is clear tlu^. it^s of the 1 
itn[)(ntaiic(! (1) to pulveri>i'e tlu‘ fuel,as finely as^)ossi]>lc, a 


by sufficient air to maiiitaiit combustion. If the diameter of the 
globule be so great that it can reach the. comparatively cold walls 
of the cylinder before it is completely burnt, it will sim2)ly adliere 
to these walls and burn slowly from the surface. ^ Owing to the 
cooling action of the cylinder walls, the lieavier fractious of the fuel 
will not be vajxuized at all, and there will remain a deposit of 
unburnt carlton v’Jiieli will gradually accumulate. If the surface be 
above a^-ertaih tenjperature, mucii th(‘ same thing will occur: in this 

ofl-. 

ulino.st 
and (iij 

so to direct the sjuay* that,it'shall pjo't come into contact with any 
cold sin face before it is coJn})letel\; burnt. On account of the veiy 
high e,oinpres.siou •I'atios efnployed in OieseJ Vngines, the thickness 
ot the layer pf Jiir in the combu.stion s|)«ice is necessarily very 
limited, and the distance uhiiclt ])articles of fuel can traA^cl without 
coming in contact with some metallic surfaca; is very small. For 
this reason, the Die.std engine, moie than any other type,* dc]tends 
foj' its efficiency upon the (‘inployment of a rehitiveJy long stroke., 
t H*. Distribution of Fuel,- The dist ribution of the fueiTthrough* 
out the combustion sjiace »is of even 'metre iiv|toj‘tanc(* than the 
Itidvfrization., However finely the fuel may be pulveriz(Ml.*eom- 
jtlete (vunbu.stion is imjtossible unle.'-s each [tarticlc of fuel is sur¬ 
rounded by the iiece.ssarv quantity of air. Many fuel valves which 
, give excylCmf pulv(‘rizatipn a’re found, in practice, to give ]toor 
Jesuits, because the individual particles of oil are not suffici(*ntly 
sejtaVatcd from one anpfher to hi low l oom for the nece.'^aiy air for 
combustion. At the same time a consid(*vable proportion (tf the air 
in the combu.sfeJtn s])ac(‘ in'ver comes into contact with the jjyiticles 
of oil. and is comijletelv inert. I'nder the.sj' conditions the eiigiji-jc 
will smoke hejivily when fully loaded, due to the incomjjlete com- 
buition oF the particles (tf oil. • The idcjil fuel valve is one which 
w'ill direct a spray of oil into every’corner of the combu.stion space, 
so .that the \fliole 6f tile aii- is thoroughly impregnated, and at the 
same time •the .spray is nowhere so*den,se that it cannot find 
sufficient air .foi- complete coiiibustion 4 " * 

It is, erf rourse, needless to .sav that* this condition is never 
reftlized ,iil jn-actice. If it were, the. rnejin effective jiiessm-e would 
be in the neighbrjurhood of lb* pei- square, inch. It is jjfobable' 
that the neaiest lljqjro.timktion 0the id(*al is reac.lu'd in the experi¬ 
mental Aurikers* engim* lo be fte.scribed latei'. In this engine the 
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ratio of dianietcr to length of the eoni])ustion sjmee is approximately 
as 3*2 :1, and two fuel valves are employed direeting tljc sprays tan¬ 
gentially, in order to produce* a whirling motion. It is obvious that 
the distribution of the paitu'les of fuyl is greatly helped by any tur¬ 
bulence within the (Combustion space, and this turbulemte is largely 
produc/cd by the high-prc'ssure blast-air which enters with the fiu*!. 

It is owing to considi'rations of the distribution of the fuel which 
have led designers of Diesel t*.ngines to adhere’strictly to the 
simplest and most symmetricaj form of combustion spdee, namely, 
that in which th(i cylinder (;ov(?r is merely a tlijty*])lat(;, with the 
fuel valve mount'd ih the centre, and Ihu iidet'and exhaust valves 
oit eitluir side. Ih order to Ivlive a si,fflicientJy deep layer of air 
immediately below the fuel vjilve,’the tojijlT the piston* is generally 
ma(ile eoni;ave. The ust of side pbchets fvr thd v^ilves is inadmis¬ 
sible, uijless tlie fuel vajvi* can be so placed that the spray'will 
reach th;.‘se^pockets; otherwise, they-»wilb simp]y contain»dead air, 
and the power of the engine will be reduc(*d in‘consequence. The ^ 
flat combustion head is 1 j;s" no means tl»e only possible form, and, 
in horizontal engines, the c<jnveutional gas-engine design is per- 
Ibctly pra?»4icable, tin* oidv dead air being that entrapped between 
the piston and the ojien end <>f tin* coiubustion chamber,'*whieh can 
easily, Jj(‘ reduced* t(* a V(Ty small pro})ortion. It can readily^ be 
s(‘en that tin* ditlicultii's in tin* way of producing a* satishictory 
double-acting engine arc enormous, for the ]iresencc of the piston- 
I'od r(‘duees the shape of the combustion chamber to tUat»ol a ring, 
lleasonablv ttood distributi(.>n can, howevD", be* obtaimid by the* 
use of two valvt*s. admitting the -ipray tangentially, or by Iso 
(hrsigning tlu^ cylinder that, at. the (*nd of tin* compression stroke, 
tin* whoh* of the air is compressc'd into two valv(‘j-chambers of 
sufli(*it*iir' eajiacity to accommodate it. In this case, of course, (‘acli 
must 1 k* fitt(*d with its own liu^.valvf*. Tin* proldem fd the double- 
acting engine, howev(*r, is Still further^ conq)licat(*xl by the. wewssity 
for using a stufling gland.f**wSich rS. always liable to leak,’and l(*akage, 
of comjiression in a Di(*sel engiiq' means not ouly*lossoj elliciency^, 
but is in itself a very real dajig(*J‘. , 

The Air Blast.~ln all ^Diesel (*ngine.s* as yet. with the ex¬ 
ception of the \bckers subuiarine engines, the lu(*d is fmjverized and 
distributed by means of cortqn'cssed bir. I In* advantages of l>his ai’c:, 

• 1. A,very much fiiu*!* degree qjf pujverif'.ati<.)n can 1^* (Obtained 
than is possible by nu'chanical nuyips. 

2. The particles can be more thoioiighly disi,ribnt<’(3. 
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3. The particles are surrounded initially by a certain amount 
of air for combustion. 

4. The turbuleiure produ(;cd by tlu^ inrush of the air accelerates 
combustion, and stirs up any dead air in the cylinder. 

Tlie disadvantages aiv: 

1. It is necessary to (iomprcss the blast or injection air to a very 

high ])ressure, generally from 700 to 1100 lb. per square inch; and 
the coi'ijpiession cf air to such piessui’es involves tlie'absorption of 
a considerable amount of po\vl*r' on’y ’a 2 )ortion of which is returned 
as work dbne ih the cylinder. , /' 

2. The high-pressure compressor is in itself costly, complicated, 
a source of .veakness. and tivcii' of danger. 

3. The expansion of aii‘ throu:^ the fuel valves, which is not 
truly isothermal, involves a reduction of te:npcratui-c which is detri¬ 
mental to. combustion; a'lid, on light loads" if the proportipn of air 
be large it may preTeiit ignition altogether. 

The first two obJe(*tions are the real]}' serious ones, and the 
S(‘cond has been brought into peculiar prominency lately by the 
failure of the blast-air compi-j'ssors m Di(‘se]-engined wssels, and 
several fatal accidents duetto the bursting pf air-pipes and receivers. 

■Compressor Efficiency. —The proportion wf powder abs.orbed 
by thy blast-air compressor d('pends upon the natuie of the fuel and 
the load,, but is genciall}’ frmn 3 to 8 [M'r cent of the indicated 
horse-povVr. The compression of,,air to a pivssure of from 800 to 
1100 lb. p6i‘ square inch mu.'^t inevitably l)c a very inclhcicnt process. 
If a two-stage compressoi’ be Gm]>loyed, the number of compressions 
in each stage i-anges from 5 to 7, and if the compj cssion within each 
st^ige is assumed to be adiabatic, and the intercooler Ix^twecn the 
two stages so elHchmt that the air is cooled down to its origyial 
temperature before passing into the' high-pressure stag(*., then the 
eflicienc} of the compressor, as compared with the true isothermal 
•fompressiou, will be in the ji(MgIiooui-hoc.'d of 00 pea- cent. This 
sjiows a loss of 34* pei cent due to tlie heat of corapi ession. To this 
must be {vlded the valve losses, which are quite considerable, and 
the mechanical friction of tUft comprysscr. 

The qvcrali efheiency of the blast-ai; coni])r(;ss'ors, as used on 
?)i(‘.^el engines, is prol)ably little more tlian 45 per cent. It is not 
at all easy to say what proportion of the total indicated power «f 
the compressji is r(,y,ui\,icd as' lascful work in the cylinder of the 
engine, but it is probaibly no'c more tlian 00 per cent of the indi- 
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cated, and 40 per cent of the n(*,t, power absorbed by it. In spite of 
its low efficiency, however, the loss is ratlier more than compensated 
for by the bettor and more complete combustion, as compared with 
any method of mechariic.al injection tliat has been tried up to the 
present, for, owing* to bettei* distribution of the fuel, there is less 
dead air, and a higher mean pressure (;an therefoT’e be employed. 

Compressor Explosions. —Owing to the high tempemture 
generated by^ the adial)alic conjpi-ession of the air’in#tlje dilferent 
stages of the compressor, and ^o the obvious necessity fOr lul/ricating 
it, there is always a, possible* ris'^ of. tlic lulirif^ating oil being 
ignited during c?,mpl*(‘ssion. Under normul working conditions, with 
if restricted supply of oil of h:gli flash-point, this danger is l emote, 
l>ut in the (*V(*nt of p-iirtially choked orfleaking 'delivery valves it 
becomes^ S(‘rious. Ignition of the lubricating'oij does sometimes 
oinuir, gimerally in tlu^ pipe leading fiom. the high-pressure stage to 
the afttn’-cpoler. It lias occasionally, lua-n known to spi'ead to tJie 
storage bottles, which may c.ontain a considerable accumulation of* 
oil caiTi(“.^l ov('r by the aiv. Wiieu tJiis oc.cui’s, the resulting exjiJo- 
sion is likely to b(‘ of a disastrous nature, though such an accident can 
*geneiallj'4je avciidcd by periodically blowing out any ,a(?cuiimh^Lion 
of oil in the storage bottles. . .* * * 

. ^Ilhe cll’eel piodiieed on t.lie temperature by a leaking delivery 
valv(‘ is not jierhaps (juite. obvious at first sight, buf by allowing 
highly hcrlted aii’ to pass back through the ^•al^•e, during the suction 
stroke the suction teinpei-ature^ may 1)(‘- rai.sed to o i;onsid('i'al)Ie 
degree, for the higli-pn'ssme air expands through the delivery valve 
without doing wffik, and eon.sequenriy without any considerable 3o.ss 
of heat. lt*is obvious that if the suction temperature he iiicreasi'd 
b}- only a (tomparatively small amount the efli'ct upon the coin- 
lueSsion tempei'ature will be considerable, and quitt*, a small leak 
may easily produce a teinperat|ir(* jlse of as much us ‘SOO'' F. at the 
(Uid of the compression *btroke, wlijeh may be suffiident* to cause 
ignition of the lubricating’ itil. “Hhe (‘ffcct of clogging of the delivery 
\ alvcs is, of course, obvious, in .that it incrcftses the i'e;iistance, and 
thei’efovc both the degree of oiomiiression and the teinperjiture. 

Fuel Valve Design^ Cjofsed Type.— In tin? actual design of 
the fuel valvt^ there is a wide diversity of opiuiofl,,but, broadly 
speaking, the types of \blve generally enqiloyed may h'i divided 
into tws) classes, the elo.st'd and tlq* open, ’♦A ty})ieal exAmJ)l6 of the 
closed typci is given in tig. 180 (p. litvthis arraignment tli(‘. fuel 

oil is delivGi-ed.to an annular chainhe/ surrounding the valve .^pindle. 
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which is also in communicjation with the high-pressure blast air. 
In order to prevent the whole of the oil from being driven into the 
cylinder ahead of the air, a nunibei* of l)afHe-plates are provided, 
drilled with small holes. The />il falls on to these battles, is driven 
through them, and carried into the cylinder by ^he/rusli of blast air 
that takes place when the valve spindle is lifted. The primary 
function of tlie baffle-plates is to act as a brake in order to prevent 
the oil from rntering too rapidly, and th(‘ number of plates and the 
size of the holes In each mustjie adjusted to suit the viscosity of the 
oil. The ^baffle-jjJ;ites also prof)ahly serve a useful part in mixing 
the oil and air. Belo\T the si'atiiig of the val\V* is^i separate plate, 
generally termed tie* ttaun'vjtlate, ^Ju^•iug a snail I orifice dirou^h 
which the oif aiuT’air pass at a ver}^ high velocity. and by means of 
wliich the fuel is jiiih^erizi'd and^ S23rea(l oifL tliioughout the com¬ 
bustion chamber. ' , * . 

^ t • 

This’i.«i lU'obably.thc simplest form of ^•alve, and is, ofife which 
'ha's been found generally .satisfactory, but it is, of course^ open to im¬ 
provement. In the fii'st placi', wliefi once'the numlK'r of baffles and 
the .size of the holes have been deckled upon, the br^dving effect will 
be flepend^'Ut upon the (piantity of oil ])as>iiig through.*"..is can 
be, and generally is, adjusted by varying, the air ])re.s.'>ure, either 
auL(/matically or by hand. In somi' caM.‘s, lKO\S"M‘r, the di'sk-ed 
efleet ps jnoduced by admitting the fuel lower down in the. A’alve- 
ehamber,,thus ."hort-circuitiiig a cei tain number of the Ifafile-plati's 
on full load', but admittingit ipghcr up on the lighti'r loads. 
Another method, and oiie which i.s faiily simjile. is .so to arrange 
tlni baffle-plat(*.s that «ver\ alt ('mate one can bi^ rotated through 
a small angle, in order' to bi'ing the holes directlv under one another, 
or to staggei- them. Yet another method is to drill a .small hole, 

r •- *- * ..... f 

generally through the val\’e spiinlh' itself, leading from above'the 
baffles to a peVint just above the'valv/'^.smiting. The diameter of the 
hole is su'cli that a portion of the fuel AvilV jia.ss through it. As the 
tpiantity is iiicreased the spaci^ betxwen rtj(?>'baffl('-plate.s is first filh'd 
up,-and thci<,-any excess of oil will flow down through the small Inde 
to near flu*,,valve .seating. In this maf.iu'r the (juantity of oil which 
is driven tln pugh tin* ba'ffle\gemain.s jijaetically the .same at all kiad.s, 

Open-ty,f)(; Valve. In the ojK'n lyp.e of fuel vfdve., th(' find is 
admitted between the valve .seating and the flame-plate. No baffles 
are u.s(*d,‘ aild the rate O'!' fua! injection is tontrolled by tha rate at 
which it is ch'l<vi*ied^,tOi,.llie ])n..s.rag(' bi'tween the .seifling and the 
ttavie-i/late. In this* c.».se, thi; d'uel jiuni]) is timed to deliv^er its 
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supply during" the first portion of the expansion stroke, which is a 
decided advantage, because, in the event of the valve sticking open, 
there is no fuel present to be driven into the cylinder until the 
extreme end of the compression stroke. In this way one of the 
possible sources of pre-ignition is obviated. The open type of fuel 
valve is naturally better suited to horizontal engines, because the 
passage leading fj’om the valve sea,t to the flame-plate must neces¬ 
sarily be horizontal, for, in order to prevent a blast of cdhl air from 
entering the Cylinder ahead of the oil, a certain proportioi ‘1 of it 
must be delivered, and must lie tn the passage l^efoAi the fuel vah o 
is opened. It ia raof*t undesirable to have any elian*4es ot direction 
in* this j)assagc: lienee it follows that .the open-type fuel valve is 
generally used in horizontal, white thh clo.sed type is used in vertical 
engines. * 


“I^ifition Oil.” —Kor the use of tar oils, which have a very 
high igi\ition temperatufe, cilher an excessively high ■ comjjiession 
must be efli[)loycd, which is by no means dcoir.ible, or a small 
quantity of oil, of low igujjion-ppint, must be admitted ahead of the 
tar oil, and this latter is the method usually adoptctl. 

„ Two fi^el puilips are fitted, one delivering the tar oil to the fiiel 
valve ab&ve the batlie-plate.^while the/seeftnd and smaller immp 
delivers gas oil, o^- ,smnc t)ther oil with a*low ignition-point, to the 
valve^iamber below the battle - plates, so that when the valve 
spindle is i’afsed the lighter oil enters the cylinder first. In the. 
horizontal Deutz engines, au open-type^fucl valve is used for tar oils. 
In this case, the ignition oil is adihitted to a small passagi*., alongside 
the main ]mssage,,but coramniiicatim^ with tjie latter immediat'jy 
behind the fl«ne-j)late. L)nring the comj)re.ssi 0 n stroke the ignitum 
oil is vaj)orized, and the vapour driven back into the main passag»*. 
At the 4!iid of the stroke, the valve spindle is liffed, and the 
contents of the. passage driA/m Jiito Uic combustion sjjace. By this 
means the ignition-oil vapaur enters the cylindei" first, and igidtcs, 
followed by the tar-oil and a^r. \ • 

The fuel jaimps employed for the su])})ly of^oil to the fuel-vahe, 
chamber arc of the ordinary plungei- type, and are gencrafly operated 
from eccentrics, mounUai eilher on th(‘ camshaft or th(“. intermediate 
shaft.* The (piaytity of oil^^d(‘l^•cred is contiolled by .the governor, 
which oiierates upon the pimq) suotion valve by holding it open 
during a certain ])eriod pi tla; delivery stroke. This system' of 
control fias answered admirably, and iiv^iiow almo.st universally 
adopted for Diesel engines. ^ t , - . 
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The * Miivl^es Slow-speed Type, -"yiie yngiiio illustrated 
ill fig. I7y is jiiade by Jlessrs. Alinlecs, Bic^erton, k Day,^of 
Sto(*k])()i't, •:wk 1 iw one oGtlio inos/^.sucei^sful (‘iigiiies of its* type on 
the market. It is rated at 50 Jiarsrj-i'Tiwer when running at.a spc'i'd 
of ’Jod C.B.M. 'In ueneral eon.stnietivni it conforms to wi'iat might 
be des(;ribed as the ae/ejited Diesel pra(*iice, that is toVsay, the 
standards and thti'main boffv of the cylinders are all* cast in one 

%f tj • 

jiieee. forming a very rigid A frame. The cylinder-liead is a separate 
easting, and is perfectly Oat on the inside. The fuel valve is 
myiunted /centrally in tlie cylindei-head, with the exhaust and inl^t 
\*alves om eitlier side of ii The camshaft is carried on brai'kets 
attached to the A fi-ame,*and on a h'^Vl \fith the cvJinder-head, and 
all the valves are operated directly from it by means of shoiY rocker 
arms! All tliis has now become standard practice, both in this 
country*and on the Continent. As a design it was originated by the 
, .Masclun^n Fabrik, Augsburg, and has been followed by practically 
every maker of .stationary four-cy(;le Diesel ei^gines, though just 
ivcently the horizontal four-cyiOe Diesel has put in iiii appearance, 
and it is very possilile that this design will make con.siderable 
headway fof stationary work. 

The mechanical features of thisyuigim*. are very well illustrated 
in the sectional drawings, figs. 180 agd 181. The bedplate is a 
‘fairly simple iron casting, hnd pdls^for no particular comment. 
* 'flic crankshaft is carried in large white-metal-lined bearings, and 
•each is provided with two ring lubficators, dipping into huge troughs 
beneath Diem. A l^rge in.spc'-ctioii door is provided over each 
bearing, so [hat the I'ingh can VeAdily be in.speeted. Tt will be 
noticed Dial' the spiral gearingidriving [he camshaft is fitted in the 
' niitld)e.of/>ne of the main bearings, an arrangement that makes for 
great rigidity and .sih-ricfi ‘The'liigh-jiressure air eoiniiressVir for flic 
l)hist-,^iir is mounted'on' the .^me bedplate, and di'iven fi’om a .small 
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overlinng crank, shrunk or ])resscd on to the main shaft. The A 
frame has a very wide sprea<l to ensure rigidity, and is amply ribbed 
below the cylinder linei-. 'I'he lattei- is pressed in from the top, and 



ISO -rion.l*. IMiirleus {Engine 


is guided both midway and at*the liottOm liy means of internal 
flan ires'bored out to i-eecjive it. The lowei»e.nd of the liner Js made 
watertight by^nuains of ajsfbbe.i'jing Jet into a groove, in accordance 
Avith the usual,^as-ehgii;f.‘ prac£]('i\ 



FOUR-CYCLE ENGINES 


435 


Tlie liner itself is u perfectly plain ^symmetrical easting. Great 
care is taken to avoid distortion, and after rougli machining it is 
left to stand for some considerable time, in order to allow any 
deformation due to casting .stresses .to tak(' place before it is finally 



machined and giound out d(«id to size. 'J’his is, of eoiii'se, a matter ** 
of l!*!ie utmost im)»firtance i^ an engjije elnploying a com]iression 
pre.ssnre of .iiront 4<)0 lU. pei- stjuarc inch,* and (lefaijiding entirely . 
upon the compre.ssion for tlu* ignition of the fuel. In* order to 
•prevcnl any distortion’’of the. lijier due 4o the angutar*trirust-of 
the tjonncctiiig-rod, it is supported •!)>' tlrtvfrjyue a1»{:^])oint slightly 
above the centre of travel of the guflgoon-f)i»,*whof# the mjixirynm • 


:• • 
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thrust occurs. The connecting-rod (fig. 182) is of the ordinary 
marine type, but the bearing “brasses” arc stamped from mild 
steel. 

'J'he piston (fig. 18^{) is of cast iron, and is formed of two parts. 



V'lfj 1Si2.—<'oinit'cliiij;-i()<l 


The lower, or cross-head. j)ortiun i;' made a very i-losc* fit in the 


liuet. and is slightly i-elieved at tlie sides to prevent Ihwling, <lu(? 
to'the distS>rti(m set up by'tlie gudgeo7i-pin bos-es. The upper 
])ortion, which earj'ies tlie four pistfui-rings, is'nniAle (juite lc>r)sc 
fit in the lin'er to ]ieiniit of fre<‘ expansion. The to]i piston-ring 

i's fitted a considerable distance below otho top of 



the ])iston, jn ordc.-r to pioteet it (Vem the very 
high temperatures to which tin* ]ustou is sub- 
jeetcfj. and .-^o ])revent it from* I)eeoming stuck 
fast‘in its gi'oove with carbonized InfJricating oil. 
The cylinder-ln-ad (fig.* 184) is a ]»lain iron east¬ 
ing, water-jacketed, and bored out to reef*ive'the 
four vfdves—'exhiiKst, inlet, fuel, and starting. 
Each A'ahe is 2 )rovidcd with a s(*j)arate detach¬ 
able cage, ,s^■> th.‘i«: it -cav readily be withdrawn 
for .ins]»(*ction or cleaning. It will be noticed 
that the. exhaust, fuvb and inleit valves are fitted 


Kic. ,,, ,, aci'oss tlu* t^P of tlic Cylinder-bead. 

KllgHU' I’ixton ‘I • 

This construction apjieajs to be uftavoidable, hut 


it is decjtledlv objiA-tionable for* two rea.^ms; 

. L It^ is* not possibk* to» waber-jack(*.t* the head betw£!Cii tho 
valvt's; consef^u^mtly thgi‘r*’is UtA^ude belt of unjacketed metah just 
at ,thc-point pT m{\:^un-'im heat* flow, w^hich must, set up severe 
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stresses in the casting, and 
is liable, in larg(*r engines, 
to cause fracture. 

2. Neither the inlet nor 
the exhaust valve* can be 
made of adequate size to 
ensure tlie best volumetric 
etiicicncy. ^ 

It is not at all easy to 
see how eitli^' of these 
objectioiialde 1'eatiirt‘s can 
b$ avoided without a r.-idica] 
alteration of- th(‘, deeign; , 
and it nmst be remeniheit-d 
that ilk a Dit-sel engiuf it ^ 
is of special importance to 



keep the cohil)ustion cham¬ 
ber as eotupact as possible, 
in orde]- that tlje fuel, as ii 
issues fj-oAi the fuel v’alve. 
shall be distributed eveply 
thioe^liout the ^diole. Iji 
this connection* the shape 
of the tdj* of the ])ist4Ui 
should be noted. It is 
made cu])-sha])ed, with a 
slight project ioif in the 
centre against which the 
fuel im|^)inges and is spiead 
our liorizontally. The sur¬ 
face* temperature of this 
projecting part is so Jiigh 
that the fuel will not rca^lil}* 
adhere to it, as it would to 
the cool walls of the cylin¬ 
der •if it im])inged u])(t«i 
them. In ordcF to faciliterte* 
tin* removal of the valves 
t?he rocker arms are nuhh* 



in two pieces, bolted ^ • • 

gether in such.a mamn'r that thtky ^an es«Ki%'*be disconnected* 
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The inlet anti exhaust valves 
(fig. 185) themselves eall for no 
particular comment. Both are 
of steel, and are provided with 
an ample radius ‘under the head. 

I'he fuel valve is shown in 
detail in fii*. 18G. The valve 



rig. 185.— 3Iirtk‘CiiO!)ugiiu‘ IiiU't uml Kxlianst Viikes 

it.M'lf coK.sKit,s.of a ]»lain 

.'•;pindle ‘ pjvvided witli 

a t^.mieal .seating, and. 

lie Id again.st its seatirdj 

by means of a ver\ 

.stiff sju’ing. Iinme- 

diatelv .surrouvidine' the 
%/ ^ 

valve .spindle is a liglit 
sleeve, which also re.sts 
on a coned .‘^cviting, })i>t 
tlie seating^in this case 

is' fluted in order to‘ 

« 

permit' of tig'‘passage.• 
ctf fuel igid air past it. 

Above 'the T-teating are. « 
a number of .'^11*1) 1 p«*r- ^ 
foisj-ted* discs ilhrodgli « 


Pig. IfiG.—Mirrlcfs Kiigine I'ln-l Valve 
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which the fuel and air are driven. The fuel is delivered to tlie 
valve-chamber above these discs, and* is driven through them by 
the highly compressed blast air when the valve is opened. The 
fuel valve, unlike the exhaust or^ inlet, opens outwards, and is 
operated by a large diameter cam mounted on the camshaft. The 
valve is timed to open a few degrees before the top dead centre, 
and remains open duiing about 10 per cent of the stroke. 

The fuel pump is 
illustrated in fiff. 187. 

It consists of^n ordi¬ 
nary plungei- pump, 

Ariveu.by an ccctmlric 
from the .camshaft, 

Tlie inlet valve of this, 
pump.is mechanically 
.operated, and is undei' 
the control of the 
governor, which regu¬ 
lates the quantity of 
' fuel by (dfdlowing the 
inlet valve to close 
latci^or earlier tn \he 
delivery stroke. The 
pump de^iv'ers fuel to 
the fuel valve slightly 
before it is required, 
so that the jiriutise 
timing of the di'Jivery 

is of no consequence. 

^Wo delivery valves i'.b. is7.-.Muikes Ei.gi.ie fai rump 

are fitted, one above 

the other, and be.tween the two there is a union and li^anch pipe 
by means of wliich tUe fuel ^n b® returned to the fuel tanlif in 
order to stop tlui engine. It is clearly iiq^;essary to provide two 

* valves, for, besides the inc^’eased reliability obtained thereby, the-, 

oil#is delivered against the blast-air pres.siire, and, unless a second 
valve were fitted above, the bypa.ss, air would Jie. <lriv(>n back into 
the tank when the lattef was op»?ned. * ^ 

• Tl\^i high-pressure »ii-compressor^ is lyrranged in tovo» stages,, in 
taixlem. The lower-pressure stag§ cor/ipresses th^ ajr to a pressure 
of about 100.11). per square? incb,V)r, 6a;j;, Ji*tht A|,mospb®res,^ and ^ 
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d(‘liv(*rs it to the inter-cooler, which 
'is bolted to one .side of the A fi’ame, 
atul can be .seen in section in fig. 181. 

Th(' second stage draws air from 
the int('r-coohM', and compresses it to 
a pic.ssure of about 900 lb. per .square 
inch, or a further eight times. From 
tlie hi^h-prc.ssure air-compres.sor the 
air i)as,ses into an after-cooler which is 
inc'orpofated with the iji/,er-cooler, and 
from there to the .stoiage bottles. 

. The‘valve.s used in the twou.stage?< 
of tl,'6' aii;-c,oin],'res.sor ai^c .shown in 
tigs, 1*88* and 189 ; they (jonsist of plain 
flatstei'l discs, o‘il-liardcn<*d and gj’ouud. 

II ^ 

Np .spi ings oJ' any .soi-t are u,seil» except, 
for tlie suction vab*e of llie low-pre.s- 
suie stage, and onlv a ver\' .sfiiall lift 
is permitted. Tlie g(»\ (‘luor is mounted 
on the vertical .shaft above t4ie spiral* 
<Vear.s driving the camsliaft. lb ensure 
extreme sensitiveness,‘■all the woj;kiMg 
jiarts are mounted on- ball-bearings, 
and all the moving jiarfs aiv^ enclosed 
in, a dust-proof casing. The goA crnor, 
in a Diesel engine, is only called iqion 


to determine the timing of tije suction valve of«>the fuel pump; 

con,s(*qlieutl\^ very little 
power is required, and 
a compai-atively* .small 
one can be (Miqiloyed. 

' It is jirovided with a 
« lvind-adjustc<l “.speeder” 
spring, by means of 
which the speed of the* 
engine can be vtuied 
.over a small range while 
•running. The governor 
ami its attendant gear- • 
ing is .shown in detail in 

r'ij,. IS'.).--(Jqjnpresftor'Niilvfi, h.l*. hg. 190. 
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Boi’e 

Stroke ... 

Pi.ston urea 
Swept volume? * 

Speed ... 

Piston sj»eed ... 

Maxunuin power 
tfp (brake mean pressure) 

Compression rutic) 

Air stundanl\fiiciency 
Diameter ol‘ valve f)ort,s 
• Lift 4)f v'ulves ...* 

Etfeetive valve area *. 

Ratio, piston area to elective valW area 
M'ei^llt of piston .. .* 

AVeight of reeiproeatin>J parl¥< ... 

' Weiijht ^)f reeiju-oeatiiiif parts jter Mjuare 
ineh of piston area 
Diameter of crank-pin 
Width of crank-pin beariiio; ... 

Projeetti*! ai ea t)f crank-pin Ix'ai in.y 
Ratio, piston area to 2>rqjecled area of crank- 
inn bearing, * ...* 

-I>o 1 *’e of com]a-essor cylinder, L.P. ... 

Stroke of comjnvssor cylinder, L.P_ 

Swept volume of coiiipressoi- cylinder, L.P. 
Ratio, swept volume of cylinder (o twite the 
swept volume of L P. compressor 


•i' 


12 in. 

18‘25 in 
118 1 sq. in. 

111)2 cu. ft. 

250 R.P.IM. 

7 ()() ft. per minute. 

52 5 IJ.TI.P.' 

-SO T r)er,.squa»e inch. 
18 * 1 .^ 

(» 4 ;lrtti)^r ceilk , 

8'!)(J in. 

1^87.5 in. 

J1 sq! in. 

1 OKi : 1. 

804 JlV 

530 lb. 

. * 

40!) lb. 

O'o in. 

(i'OO in. 

45 sq. in.,, 

2 51 : 1. 

5'125 in. » 

8 5 in. 

175 cn. in. 

5 0 : 1. 


I'lie curves (ilg''. 191 and 192) show the fuel consumjjtioii, brake and 
indicated thermal eflicieucy, and the mechanical (diiciejicy at \arious 
loa^.s. TJie. brake tlieiinal etliciency can bo measured dijectly, and 
with a vtny high (h'gree of act t\racy* but the mechanictil tdliciency is 
c.om})nted from the indicai!oi‘ dmgi'ams, which are liablt* to an crroi- 
of at least 5 ])er cent in ^le hors«-^ow^r, and therefore ilearly 20 pei- 
<;ent in the full-load mechanica} efliciency. Tlie.curv^i illustrated, 
hbwever, ha.s been supfilied by the makers, and rein-eseiits the mean 
of a darge number of testis, tY> dkat i|j .may be rt!gar4,ed as faiidy 
accurate in this"e.ase. Fj’Qiii tliis curve it infiy be ol?!s'*rved that on 
the normal full load of ot) B.H.P.* the brake tliermal elliticiicy 
118-2 per.eoiit, and the iirschanical pHieu}n(y*74 jier oent.* Tlie iiulf- 
cated. horse-pow*^cr, as deduecd froyi* the *fqdi(;iitor diagrnm.s, is 71, 
and the indicated tliermal efhcicnqy*is 45*ceu1;.*« 
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It is iutercstiiig to calculate the mechanical efficiency from the 
weight of the reciprocating parts anti the area of the valves, and to 
see how tliis compares with the figure given by the makers. The 



nifi.- Si'CtiiMi tliiougli (^ivi'iiiiii iiiid ('iisiii;; 


area through the valves is I 1 s<|. ii^., and the ratio of piston to- 
valve area is as v^^hich ccuTfspends to a velocity of' 


X 7r,o 

<i0 


*!;>() feet J)er s(i('ond. 


V 

This is aly:)u>t the^jiajd/nunii v,‘*locity consistent w'ith a reasonably 
high. Volumeti'v* (‘itifHeFcy, ai.d, it indicates that with the valves 
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4briiml}’ol)le iiicicasi* in 'fche Huirl Jossus. iV liigli iiilcif velocity ns 
not nieccssury In ji Diesel en<^iiie ,wini' *Air-byist iaj(VL:tion, because 
the turbulence. i(M|uired to ensure; ^oiniikte eon:{l:)ustion 
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is produced by the entry of the high-pressure blast-air. With 
this A’^elocity the fluid or ]i)uinping losses will be in the neighbour¬ 
hood of 3’5 lb. per square inch. 

The piston friction in this case will be approximately 9'2 lb. per 
square inclj. 

The bearing and other friction may be put down as equivalent 
to nearly 3’5 lb. per square inch. 

The high-qjressure air-compressar may be legarded as having 
a mechanical'eflicien^cy of 85 per cent, and the indicated power 
absorbed iip compressing the air is equal to a 1110^11 pressure of 
approximately 50 lb. per .square inch, referi-ed ^'to the low-pressure 
cylinder and applied every fevylutioii. It is therefore cqind to S, 

mean pressure of . = 8‘5 lb. per’squai-e inch, when refeiwd to 

.5 "9 < ' 

the main engine ijiscon, or 10 lb. pei- square inch when the mechani¬ 
cal losses of the compnessor are'taken into account. 

The total fluid and friction losses now become: - 


Fluid lo.ss... 

Piston friction 
Bear/*i<; friction ... 
Air coinpres.sor 


■i'5 lb. per ,st|uare inch. 
9-2 r 

3'5 „ ,, 

10 0 . „ 

20-2 .. 


At the‘normal load of 50 B.H.P. the brake mean pressurv is 77 lb. 
per squai-e “iucli. 

* , The indicated mean pressure is t^icrefore 

77 + 2r)'3. = 10.3'3 lb. per square iiflh, 


and the mechanical efliciency 

77 


103-2 


' . 


74-5 per cent, 


which agretis fairly well with tlb‘, figure sftpplicd by the makers, and 
obtained fi-onj the iiidieator diagrams. 

The mechanical elficicncy appears U be somewhat lower than is 
usual in Dies.el engines df tlui^ size, {{.mj the proportion of the p«wer 
absorbed by th3*air-compressor is above the average'. 

, At half-load the quantity of l*)last-air required for tlie fuel injec¬ 
tion will be lonsiderably‘reduced,,but the Other sonre.es of loss will* 
remain practic*v]%' un^ilter^dfb exdept the piston fri(;tihn., which may 
be reduced by iibout* K) «pel- edit, due to the lower fluid pressures. 
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Reference to the curve of mechanical efficiency shows that at a load of 
25 B.H.l*. the mechanical efficiency is GO’S per cent. The brake mean 


pressure corresponding to this load 
is 8^’5 lb. per scpiare inch, and the 



. 1 100 X 38'5 

indicated mean pressure- 

^ GO'5 

= GO'G lb. per square incli. The 
power absorbed in m^chaiiical and 
diiid friction has' therefore (Iropped 
'from 2G'2 lb. pc/ square' inch to 
28'9 lb. iper square inch; allowing 
'for 1 1^. pci‘ square m'.c1i reduction 
in 'piston.'friction,' tlie reduction in 
th'e blast-i*.ir anioiyits to 1'3 lb. per 
square iueb. Such a deduction as 
tliis is intere,sting, ratiliu ^'is a check 
iqion the accurac'v of the mechauical' 
Vffi(*icncy curve than anything else. 
I'Ik' reduction in the blast-air is iust 

A 

/ 

/ 

HP CYLINDER I 

blast press 920 LBS D" / j 

intercooler PRESS 90 LBS □' / / 

Scale i'-soo lbs D' /- , / 

a / 



what one would expect, -ind lcad.s to the Lonobision^that the me¬ 
chanical effi(*.iency, as deduced by ihc makers, must be veny mairly 
correct.,^ In tig. 198 are ."liown a numb(y’ of Hidieator diagi'ain.4, taken 
from the engine under various Ipads; apd pi fig,, f94, indicator 
diagrams taken from the two' stages of tly. ))i’ast-^]d‘ compfe§.sor. 
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alongside the main cylinder, and is actuated by means of a rocking 
beam driven directly from the main piston, an arrangement which 
certainly makes for compactness. (2) The cylinder liner is sup¬ 
ported upon a dange situated slightly below the top of the cylinder, 
in such r* manner that there is a free circulatioil ofwater around it 
above this point; and the great thickness of uncooled metal, in- 
(?vitable when the liner is carried in the ordinary manner, is thus 
avoided. This certainly seems a 'ssery desirable feature, especiiilly 
in daiig'e po’wers* \y'hen. the ^difficull^ of adequately^ cooling this 
important^ .part *I^econies a ^'ely serious one, owiqi^ to the great 
thi<‘kness of the metal.*' / * 

(:i) The-oap of tlic t'otinepting-rod big-end'bearing i» forged 
solid witli the res't of tlfeVod, and'c^ftsrwards parted off for assem¬ 
bling and aJjustineht: this construction ist expensive, but is emi- 
nentiy sound. As'in the Mirrlees engjne, ijie three main vjilves arc 
ai i'auged‘‘fti a* row aejoss the l>ead. with tlie result that effectivtC 
*!iiea of the inlet an& c^chaust valves is restricted, and that there is a 
w ide belt of uncooled metal right aJ’tross this very vital ^)M't of the 
cvlind(‘r-head. The engine illustrated has two cylinders, eacli of 
30(>* nim. rn-in. bore, and 4G0-mm. or 18T-in. .stroke, and 
d<‘velops A) Ti.ll.P. wdien^ running at IbP.M., equivalent to 
a ])v^ton speed of only b7?> ft. per minute. Tests on this «(wiginc 
liave Yielded the following results: 
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The outstanding feature c^f tlic.se tests is the remarkably high 
mechani(‘al (hliciency obtained': thv'' is (♦h^arly «lue to the unusually 


sm«,ll amouut.of power absorbed by the air-con)])re.ssor. No stfijte- 
inent is mtule as to the nature of the» fuel used, but it is probable 
llTat it was .‘y>me‘very light fjil whicJi Required little air for pulvfjriza- 
tion. A serias'of indickitor diagrams ohtiiined duriiig this jtest are 
.'ihown ii* hg. 196. From this diagram it*wall he observed that the 
cPmqu e’ssion* pressure employed iy aj)]>roxiftiately 500 lb. per squart 
inch, and alsr* that tl^;. adft*iKsiai*of fuel is irregular,‘and takes place 
toc^lat^ in the*\troke.» tin* lighter loads a certain proportion of 
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the fuel enters while the piston is passing over the top dead centre, 
but the main bulk of it is not admitted until so late in the stroke 
that it has the effect rather of producing a hump in the expansion 
curve than a flat top to the diagram.. It may be that this is due to 
the employment'of an insufficient supply of blast-air. 

The following test figures were obtained from a M.A.N. Diesel 
engine having four cylinders, each 480-mm. or 18-9-in. bore, 680-mm. 
or 26-8-in. stroke, and developing 480 B.H.P. at 17b RyP.M. They 
are of considerable interest, because during this test the futl used 
was tar oil, whl^i has a high ignition Ipoint, and cbnaife(juently requires 
a very high tempcrAture, and particulajjy tfinfe piriverizatfon. In 
Older tq ensure ignition it is..Visual to* admit a smajl, quantity of 
light crude oil ahead of,tlie tfj^r oflr . This li^ht oil lAirns'hnmediately, 
and so raises the temp(*.i;ature orthe air before tlrt'. tar oil is admitted. 
In the, fest figures giv6n below, an ignition charge consistirjg of 
fjjbout lO'pcr cent of ligflt gas oil was .admitted oii the d,- a'ud |-load 
trials, but not on the full load, the liigh temperature of the® 
piston-head in this <;a.sc*rendering the use of an ignition charge 
unnecessary. 



It P M 

i Mec)i;inicul 

-# 

1 litticiciic'i 

• 


Per cent. 

lG 7 b 

7 L'T» 
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7 ilTi 

170 '-J 

G 8 -S 

171 -S 
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.'j »-7 



Indi(iatoi*diagrams taken dui-ing these tf\sts arc illustrated in 
fig. 197, and show very fair*adjustment of the fuel valves, though 
copbustion is somewhat retarded at tV and |-]oad. 

A further series of tests taken fi'Jmi the same engine, but using a 
different fuel, yielded the following results: - 


n.H.r. I.Il.r. -Y,^h®inicnl IH.l’. Thegnli* 

Iiflhcienc>. , C'oinprcswH-. jjjflciency. 


I’cr iTiii, 

41-7 

.48-i) • 
4f)-4 

no-o 

4 


Priikc! *jl!last-ftirPr<»t- 
Theiiiial i sure (lbs. 

' EflG (i W I i c y. ; j)er sq. ifltl’J. 



Per 

' :i2 i 
3.r4 




In this second series of tests, •i^otli. the brake*, and indicated 
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^ 1!l7.— fitjin 480-11.1’. M.A.X. 

tliPrmal efficir-neies ui'c liiglier flu tlir ]ig]»tc*J‘ lo.ids. Iliis may, of 
course, lx- duo to the <Iiffeieiit J’uel emjtloycd, but if is also jirobably 
due to so I [le extent to the higher Upstair jiiessiire employed on tlie, 
ligliter loadj^ Avhhdi ;vill cejtainlyJend to increase tin* a])par(^t 
indicated t|iermal clKciency. If, in ,th(*. last line, the indicated 
liflrs(*-]) 0 \v(‘r ,absorbe(l by air-c(imj>i-e.'‘;sor be deducted iron« the 
total indiratc'd power, trie indicated thermal etfieiemty ihmi bia-omcs 
40 4 ptuv^uit, which is much nc'.'frer tlie true figure. 

'• Tabufating the nisulfes of^the second test witli the I.H.Il of tlifc 


blast-air comtytifcisor i]j^*du^it.fal fivor:) tlie total I.H.P. gives the follow¬ 
ing, reshlts:— 
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B.H.P. 


M.E.P. 

Indicated Thermal 
Efficiency. 

500-7 

. . G57-5 ... 

... 104 

43-5 per cent. 

48G 

...... t)4'S-6 

... 101 

... 42-8 „ 

374 

. 516-4 ... 

82 * ... 

... 46 

370-2 

...... . 516-3 ... 

... * 82 

... 46-5- „ 

259-2 

. 401-7 ... 

• 

63-2 ... 

... 46-6 


It is, of course, necessary to deduct the indicjlted •power of the 
air-(;ompress6r before any idea* can bo obtained*^is to thoi rckitive 
efficiency, orV any just con'pArisCtfi* n^ade be?t:w|>en the indicated 
thermal efficiencies pf Diesel and otlicj- tyigyies* nf whicl* \;( 7 mpressed 
fwr is not adinit^tid to the cylinder (iuT-jng ^the cx^jtnjsion stroke. . 
Even though tlie indicated ^jow€»-^of tl*g,ffk-eoniiii-es 80 ** be deducted, 
it is .sVill not altogether fair to (fompare the results wifli*those oldaiiied 
fiom ottier engines, but*the discrepancy is then (;oraparative]y ^small. 

_In this,engine the air-stanflard efficieiic’C^ regarded <is a constant- 
volume engine is 05 per cent, and the rclati\ae*<iiHciency on half load 
is, appr(ixiniat(‘ly, 72 pet cent? 

Both the above* sets of tests were very coniphuc, and we-re carried 
•out with ,^1 higli degree of accuracy, j'ata are given as,to th(^heat 
carried away by the cooling-water aftd rtu* exhaust. »nd also "the 
tejnperature of the? gases in tin*- exhaust pi])e. These ligures hav(^ 
been oniitt«*d btrause (1) the h(‘at cai-rii'il away by th(* cooling-Vater, 
contains large and indeterminate percentage; whicJi shbuld be 
debiteil to the exhaust, and does not^ive an cliu' as»to^\l^e amount , 
of heat lost during combustion.Iind expawsion; (2) th»^fei«peratuj'e* 
of tin; exhaust ^ases was ineasuie'd afti'i- they had expand^l to 
atmospheric^pressure*, and yielded up a certain ]n'oportion of th(*ir 
heat to the ja,cket-cooling* watei*. llenc.e it gives no clue as to tin** 
real teAi])erature of the gases in the cylinder at tin** end of the*ex- 
])ansion stroke, which is the (duef fioint of interest aiyl importanci*. 

The American Sufzer.— The Busch-Sulzer engiiu*„illustrated 
in fig. Ih8, is an Amyricjfcii pi^o,duc5on, and is built by the Bu.^ch- 
Sulzer Diesel Engine. Com])any of St. Ijouis, U.S.A. 'this engnie 
•differs substantially from vjiat may be described fuTthe standard.. 
Augsburg design, and is^ modelled latjier .upon, the IVestinghwjse 
vertical gas-engine. It js b^ilt in four*sizes, ratec^atVs, 120, 170, 
and B.lI.P., three (fy linders «l)eing us''(*d in each caA*. It is a 
I little (iifficult to undersftand why tlnve, cylinders should b^en 

adopted as th^ standard, for three-cylin«k'r engines an; liable to con¬ 
siderable viluation, ow'ing 1!<3 the large* .uff!«ilanc\i(^ fore and aft 
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couple, which causes the whole engine to “ pitch ” unless exception¬ 
ally heavy foundations are pr6vided to counteract this tendency. 
Dealing with the mechanical features, the crank-chamber is 



Fig. lOS—Sectiftnal V,’cw of Tiusch-Siilzer Ijiesel Oil-ungiue 

. “ * I 


totally cnckjse.d, and is liiade separate frbiii the cylinder, ‘it is 
strengthened J>y means o^ vertical steel bolis, which, however, are 
not carried up to^ the toj) the^^ eyJinder, and do not relieve the 
cylinder barrel fi^mn tlfc^direot teiJsde stresses. No separate cylinder 
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liner is employed, but iii order to prevent distortion and stresses 
due to the uncquiil expansion of the inner and outer walls of the 
cylinder, the lower end of the water-jacket is left open. It is after¬ 
wards closed by a lij^ht sealing ring, so that the inner and outer 
walls are free'to Expand independently. The valves in this engine 
are not fitted in the cylinder-head but in a side pocket, as is usual 
in gas-engine practice. It has already l)cen poyited out that in a 
Diesel engine it is a matter of,great importance tliat^he combustion 
chamber shall be as compacii; and svmraetricf^l ^ts possible, in order 
that the pu\erized oil may 1)e thoroughly disffibutetl throughout 
the whole bulk of the air. This (tonstri^j-tion has ^c advantage that 
*it dooiinot intei4c]-e with th«*ctiic\,entJwAter-.cooling«of the cylinder-* 
hea(]; but, *011 the other l]iiiyd,**t dod?hhterferS serjously with the 
efticicid; cooling of the cylinder* hai’i el in tlie* neighbourhood of the 
Gxhanst valves, and jqsfc at,a point wh®re any distortion might lead 
I to excefssive piston friction, and posaibly to seining of tlf^ piston. , 

Thc! high-pressure air-compr(\ssor is enl4reTy indi'pcndent of the 
main oftTviuo, and is driten l)y either a separate motor or by belt. 

The follo\ying tests liave been carried out by Drs. 11. W. ^Harper 
and R. Bailey, of the r^iiiversity of Texas, upou«a tljreei<^^lhKler 
225 B.Tl.P. engine iniitidl«d at the flugo Ice and Lij^it Company, 
Okli^ioma, [bl4,A. Tlie high-pressure air-compressor in this ease 
was driven by an oh?ctric motor, supplied with current generated b}<* 
the main engine, and tin* quantity of current used for tliis purpose 
has been deilucted from the total output. Thus tUe •lofses.in the 
electric motor, as well as the \)Owcr absorbed by the ^ll•r-colnpressr)|•, 
are debited agfliust tin*, main engine, which ds hardly fair.rf The 
author has* endeavoured tp corri'ct this as^ far as possible, on the^ 
assumption that the efticieney of the motor is ap]n-yximately 85 per 
;jent. AVith this correction the rcjsults obtained are as follows:- - 


• • 
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Nb indicator'cards were taken duringVlie l^iijst, aiid«no attempt was 
made to aseartain the mechanicid Pfficfciiuy# Tior {*l4^ the (JlmeBsions# 
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of the cylinder given, so that it is not possible to analyse these 
results. Compared with European engines the .brake thermal effi¬ 
ciency is low, which is just what might be expected' as the result of 
the use of a pocket. The fuel used during this test was Oklahoma 
crude oil, which has a calorific value, of 18,98(5 SB.T.U. per j)Ound, 
and a specific gravity of only O'SaSl: that., is to say, a very light 
oil and one requiring very little air for pulverization, and it is not, 
therefore, very easy to uixlerstand w)jy so high a blast-air pressure 
was required.' * ^ ^ , 

High-speed ‘IpiHgines.’— aii’xiliary purposes /.n hoard ship, 
and for “ stand-by ’'puipqses, the high-speed ‘ type of four-cycle 
' Diesel engine in generally employed, IWcause its fimt cost, biijk, and 
weight ai’f* alf’loweL It ist'however,* a Jess efficient engine, because 
the mechanical efficiency is generally lower ondng to the weight of 
the reciprocating parts, and,also owing to the fact that, in order to 
. obtain suffaien’tlv raipt,d combustion, a greater quantity of blast-air* 
must be. employed. ^ ]\lost of the makers of slow-speed' four-cycle 
engines manufacture also the high-speed type, generally in compara- 
ti\'ely_small sizes, and with a com])aratively laigc niynber of cylin¬ 
ders,<n ord^r to reduce the weight and bulk to the lowest possible * 
limit. Such*'engines are also u.^cd for tlv* propulsion of subniarines, 
and for this ]mr})Ose eitlier six or eight cylinders aife employe<i. the 
‘])Ower rjinging from 500 to 1000 ll.Il.P. per engine. Two such 
engines are^ usually fitted, driving twin screws. * 

The hig^k-s|x'ed type, of Diesel engine is almost invariably built 
with a totall^ enclosed cra.hkcase. and cnqdoys forced lubrication to 
all bkarings, under a prus.sure of from 50 to (50 Ib.^per square inch. 
The construction of the evlinders and evlinder-heads Ys the same 
as in the low-speed type, but cast steel is fre((uently used, both for 
the cylinder-heads and bodies, tlfpugh the actual cylinder liners a\e 
invariablv of crf.^t iron. Tin; vah es at.(* arranged in a row ac.ross the 
(iylinder-luMd, as in the slov^-spced type, but the fuel valve is, in 
some cases,*plh(;cd slightly out of centre, *In order to allow of larger 

inlcUand (ixliivist vulvas, and to provide a circulation of water be- 
« .... ^0 
"tween them. , From a mechanical poinUof view this is distinctly an 

improvement, bnUfhe dis’tril/.^i^ion of,fujl throughout the combustion 

, space is not so tltorough hs when tlu! fuel vfdvc is centVah Although 

tiifsc engkubs employ a compa^rati^ely high Rotative .speed, the actual 

pif^cou speed little or mo hi^^hci; than in »the slow-running type. • 


Consequently jht rati^) of'Valva ^area to piston are*a .ca 
* approxiif)[ately ibc saW-* The •8tj’okc‘’is generally very f 


can remain 


very short, the 
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stroke-bore ratio being usually only about 1 '1 :1. With a com¬ 
pression ratio of 13:1, this niejins that the depth of the compression 
space is less thay one-tenth of tlie diameter, a proportion which is 
most unfavourable, both on the grounds*of the even distril)Utiou of 
the fuel and also of heat loss to the cylinder walls. A sliort .stroke 
is, however, a nece.s.sary evil, if the cost and weiglit are to be 
reduced to the lowest Jnuit. 


Apart from the (piestion of rapid combustion, *it i» not po.ssible 
to run a Picsel engine of tlie. 6rdina,]y four-cyftle type a# a high 
piston spet‘d,^ecause there is'noll foorn in the/aylinder-h^ad for 
larger enough valveg. l^lie eylinder-ljej^d jias* td ficcomtnodate no 
l«ss than four vdves, each with deta(;lirible seating.*^ and it is no 
easy mfirter to iieconiipodate tlt^g va]\4g,';. •together widi tlieir ports 
and pa.s.sages, in tlie very re.strict^d space available, and at the .same 
time pihvide for adecjtftite water-cooling. In pmetice, the piston 
^peed isdimited to about 80f) ft; per jinii^ifte, and eve» aPiliis .spee<l 
it is almo.st impo.ssible to obtain a volumctfi# ethcieiicy of mncl> 
over 70,per cent. It is, e.leai* that if larger .valves eould be litted 
and a higher volumetric etficienev obtained, higlier mean pro.s.sni-es 


•could be employed without lo.ss of edic'iency; or, conver,seK’^ the 
.same mean pix'ssuri's (*ou]d jje (‘inployfd w*itli lower injKKimnm tem¬ 
peratures and hi||;her ctlicieiuw. * 

Owing to “the high temperature iieccssaiy to pwjduce a high 
moan pr(‘ssure with a comparatively low volnmctric (‘tiicieney, it is 
often found d('sira,l»]c to cool the pistons eveji in r^la^tx^dy^small 
engines. Water-cooling oT the* pistons is by no m^jifis»an ea.'^V 


matter in any %ugine. and is especially (Hllicplt in a. higli-.specd 
ench)sed tyfi*, for the water mu.st la; su])i)lk*d to the pistons at a 
very high pressure to enshre again.st water-hammer; coii.scqmmtly, 
leakage*is almost unavoidable. Tn<i totally enclo.sed engiue. h'alflige 
of’ water is particularly obje.(^omrt>le, for it, of course, mixes witli 
the lubric,ating oil, and^seiiou.sly impairs the luf)ricati,on of thti 
bearing's. To obviate.the^e diliicnlties’and dangers, .oil-cooling is 
sometimes employed. The. lubricating oil is,circulated tlirough the 
pfstoiis, or, in some ca-scs, a^jet of oil is directed again.st the under' 
sidt^of the piston-head. .The oil then ^eturn.s ta the duse-chambM', 
and is (iirciilated through afi oil-coofei* of* large (ijipacity in or<ler 
to remove tlie lu'.at taken up from tlic* pi(?tons. Thi.s fKJrangement 
.is sati,‘factory for comparatively .small engines, but otj^liifai*y''lul_yi- 
cating .oil is af f)oor (joiiductor of* l^(‘at,imid carbonizes very rea<lily, 
so that it is not suitable for lUrge p}Vton«. 
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Deutz Horizontal Engine. —Messrs. The Gasmotoren- 
Fabrik Deutz, of Cologne, iiavc recently brought out a design of 
four-cycle engine which, in all essential features, resembles the 
horizontal gas-ciigiues built by that firm. Several models of Diesel 
engines are produced by the Deutz Company, i-anging from 12 to 
40 horse-power jJcr cylinder, and in all cases provision is made for. 
running on tar oils with the addition of a small quantity of ignition 
oil. The arcan^ement of the valves and the shape of the combus¬ 
tion chamber are'identical with the usual gas-engine* construction, 

. 1 ; * ^ 



1 

F#^. liMi.—n» utz Honzontiil Kii^inu 


as shown in the cross-scction, fig. 100? * The pivuliar ])oints about 
thfi engine lie* in the fuel valve and the liigli-prcvssure aii'-service. 
The fuel val\e is of the oi)en‘ tyfw*, and, as has already been 
,,ex])lained^ tlu', ignition oil is admitted t'o the passage behind the 
flaMie-plate quite early in the„eoig]jressk)n jitroke, where it vapor¬ 
izes^ the vapour |iassing back into the main passage through a 
small communicating jiort immediatel^v at the l)a,ck of the flaifTc!^ 
plate. As soon .a,s the, mgin air valve opened, the ignitic^n-oil 
vapour enters eyliudef'and is iniraei^iately burnt at constant , 
volume, thus causing a .^-udden itse of pr«isure, up to about VoO lb. 
p*^!* s('jiv.i«‘ ipch, and a eprresponding rise tf)f tempeu-ature spfiicient* 
to ignite the taiM)il. ,t ^ • 

Altljough *tj^iC igiiftion oil h? ^ireseSit in the cylinder, or at least 
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in a passage communicating with the cylinder, throughout the 
compression stroke,^et there is no danger from pre-ignition, because 
even if the vapour should find its way into the cylinder-head before 
the end of the stroke, the quantity is*so small that it would not 
raise the pres^re* of the air more than about 50 per cent, and 
could have no serious consequence. Tlie tar oil is delivered direct 
to the fuel-valve seating l)y means of a cam-operated pump, which 
is timed so that the stroke of the pump*coincides wdt]l the ojiening 
of the need fe-valve. The latter is placed at fight angldfe to the 
spray passag^^ so that it caii Operated (fir^Sct frj)m the side 
shaft. The high-piiessure blast-air com^rossof is 'of tlie two-stage 
tftudenj^type: it ♦is mounted.^ilon^j^side one pf the jiijain bearings, 
and driven by means, of a grai!k»pin to the end of^the main 

shaft. No air storage.is provided, but the high-pressure air passes 
dire(‘-t[)f from the .secoufl stagti of the compressor to the fuel yalve. 
JTlie regulation of the blast-air, tlierqforo, *takes,place*au4omatically, 
for the (juanitity delivered per stroke remaiiis Mie. same at all loadff, 
but tlie ^»essure A aries a*;cordflig to the quantity of tar oil delivered 
by the fuid pump. The greater the quantity of fuel the greater the 
•resistance.tlirough the fuel-vaJve and fiame-plate, ainl there^iiji the 
greater the air pressure. J^jr startihg, the ordinal’}* air-stai'fing 
valve is fitted,.»the necessary jwr l)eing stored in steel bottles at 
a pressure of’about 175 lb. per .square inch. Th(5*.supp]y of aii-. 
for this purpose is taken from the inter-cooler fitted lietween the 
high- and low-pressure .stages of, the compi-essor. ,*TJie ^wliole 
arrangement is extremely ricut and well-designed.','The intejL’-* 
cooler is made g'oneentric with the aii’-eomp];gs.sor cylinder^ and 
incorpoi’aied* in the sanx! jacket. Indepeifdcnt te.st.s carried out 
on a 20-horse-i)ower Dcufz*engine, using Galician gas oil of about * 
’ 18,500*B.1’.U. *per pound, yielded the following results:— 


LiniiI. 

24 B.TT.P. 
207 
8-9 „ 


FuAfJonsvimi»tiiiii 
^Ibs. per 15.H r. lioi^'). 

0-40 • .. 

t)*459* 


Eiiikc»Tliermal 


4)-557 


Elnciency. 

30 p('i’ cent. 
HO-4 *.,• 


Nojrurther particulars of .this test are available,.but in view of-fhe 
fact that the maximum pi’ess?ire ro.se tobvoi’ 75p lU jier square inch 
the thermal'eflicicncy is rtither disappointing. ^ ^ 

. Doubfe-acting ]yLA.N. Enginje.-yAt their Ang.sliurg* wouks 
the.M.-A.N. Cftmpany have recently iiiifh^rtakeii tlyi manufacture of 
double-acting/oiir-cycle Die.s^il eng!ties,. iq jl^wers jC^p to 5Q0.horse- 









THE INTERNAL-COMBUSTION ENGINE 




1 ^ 


3 



• 

1 1 


J 

j 1 

p 

i 


J 

hi 


.2 

J 


1 


_i 







:p 





power per cylinder, the largest 
engines Joeing of the four- 
('.ylindcr twin - tandem type, 
and developing about 2000 
B.JLP. fn 'tliis engine, of 
wlii^h sections are shown in 
tigs. 200 and 201, the usual 
gas-engine practice, has been 
followed throughout. The 
only features/)f any special 
interest fir(! to be found in 
the combustion cham]>n’s. fn 
this ca«a‘ the valves open into 
nearlv'. spherical [)oekets, 
whicll together foriw the 
whole of the ^ohibustioi^ 
spaee, for the clearance be¬ 
tween liie piston and* < ylinder 
covers is redu(;(‘d to the lowest 
])ossible limit. Each of these* 
s/’pa^ite combustion chambers 
is proA ided* with an «inde- 
]iendent fuel valve. In this 
manner the i)iobl(hu of the 
Z nnsvmmetrical form of the 
combustion chamber in a 

T I 

double-acting’ engine*, is to 
spiijc extent o\*ercome. anil. 

SC ® • , 

the piston-roil is shielded from 
the diri'ct blast of the Imrniiig 
*.*oil: but it must be remcm- 
bered that from the point of 
* vifew ftf eflieiency each cylin- 
, der end must be regarded ai^ 
two small s(‘parat(*. cylinders, 

► ^'*ach, howiivej-, of a ^cry 
eliicient form. Thjs is certainly . 
a simple, solution of the prob- 
Icjiij^jut it is one that seems* 
likely to lead ^.o .trouble ftom 
crackeil cylinders, because 
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the heat-flow to the metal surroundiiig the- exhaust valve is more 
intense than at any^ other point in thS cylinder, and if the same 
part be also used as a combustion chamber the rate of heat-flow 
may be so intense as to cause failure. Ill aii\’ ease it seems some¬ 
what undesirable to add to the rate of heat-flow in this severely 
stressed portion of tlie cjdinder. 

In the large experiiiKUitul two-cycle double-acting engine built 
by Messrs, Krnpp the combustion chamber is in*the^form of an 
annular ring, and this is accojuplished by so formihg' th(i pistl!)n that 
the central portion almost toucJi?s tlle*cylinder cTn’^’; but the*outer 
portion is cut aw ay,•leaving an annular ►space. •beWcen tlu? piston 
ai/tl covfr. The fyel valves in,\his cas(v *. 
are probatfly fltt(*«l tangentially M,orilco.r • 
to produce a, slight jvhirling* motion __ , 

ar(.)und, fliis chamber, abd so assist in 
l^e distribudojj of tin* fuel. The'pistcjn- 
rod packing in the Augsburg donbh'- 
acting engine does not «-jdl for*any par¬ 
ticular comment, for it is similar to that 
flsed ingas*enginc practice. 11 is obvious 
that th(i very gii'atest attention must b^ 
paid t^ this to insure against leakage, * 
aiul the danger which leakage involves 
in any DieVl eiignie. L"p to tlu* present 

time only a very limited Jiumber o^ double-acting <*ng*i!;es jiave 
l)een turned out by the .VugsbnTg works,* and they iilySt.'still Im; 
regarded as beings in s(unew hat of ai^ ex 2 )eriuiental stages altho^igh 
a few sucli eil^ines have recently been put inio actual service. Xo 
])artieulars are available as tests made on these engines. 

^ Doul'le-acting Diesel engines have also been built exj)criinentfdly 
by botli Messrs. Kru^tj’ J^i^d tke l^unib(!rg branch of the iM.A.N.* 
(A)m|.)any, but in bdlh cases the tvvo-stit>ke cycle has beei; adoptcil. 
Both these firms have,had large enginc^s, developing.about 
][^.Jl.r. [ler cylinder, on the test-beds f(H’ tw’p or three years, and 
gr(*at sec.recy has l)oeii niaint«iin(‘d as to the results a^ieved. TlieT'C 
is, however, good reason tt> believe that flthe.ex 2 )eM>nents have bc^m 
,disa}»i)oiiitiniT. •The large; NiA’nl)erg engdiicwas^ almost completely 
wrec.keS, and a number oilmen kil^d alid fnjured by, it te said, an 
explosioi) of oil vapour ii» the scavenge^ air J^nink. , • . , 
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The two-cjT^le Diesel engine oit* the slow-speedy stationary type 
has recently lit-en de\v‘loped for very large powers. The limit of 
power comiTi^rcially. obtainable from the four-ptroke siiigle-actSug 
type has so far been abCn;, 250, to 3(^0 B.H.P. per cylinder. This 
limit is set bv the thickness of metal in tin*, cylinder walls and com- 
bustion head. The thickness cannot be increased beyond certain 
point, liecause the difference, of temperature between the internal,! 
* and external walls ^f die cylinder becomes so gi’eat that the stresses 
set up by unequal expansion neutralize«any advantage*'gained by 
further thickening of the walls. Also the tenqierature of the inside 
surfaces becomes so high that there is great diffiimlty imadiiquateiy 
lubricating tin* pistons^. The actual ..thickness of the walls is, of 
course, gov-erned by the *^maximKni abnormar pit^ssures, ai^i since 
these are tlfe* same in all Diesel engines it follows that it is jiro- 
portional to the diameter of the cyliiidfr. In the case df two-cycle 
Diesel e.n,Abie's it is clear that pearly double the jiower can be obtained 
* .from a giv^A size of cylinder and, therefore, from a given thickness of 
Illegal; but in this casp, owing to the greater nwnber of expansion 
strokes, the heat-ffow* is more rapid and- the temperature difference 
greater. In practice, therefore, other tlungs being equal, the power 
ohcainable from a single cylind(*i‘ is not double that from a four-c^cle 
engine, but is about GO per cent gwater. There is, howewr, this 
^ advantage., which applies to many types of tw‘o-cycle engines: the 
cylinder-head need not be’pieuced ip accommodate a large number of 
vaWes, and therefore .weakened structurally and imperfectly coole^. 
In those two-cycle engines in which bottom-scavenging is employeS, 
it-is necessary t 0 «provkle only for the fry*! valve, and in mosUcases 
the air-startinjg< valves,*in *tlie cylindlr-hq^id. Thest aj'e both small, 
valves, aAd do not weaken ‘the Itead or interfere with the cooling to 
any serioTis degree. Heqpe the metal can l^e made somewhalithinnep, 
or conversely ajarger di^]i#eter,can be safely employed for the«ame 
limiting thicktf§ss o^Sietah 
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• ^ ^ 
While the ’ four-cycle Diesel engine has now settled down to a 

practically stereotyped design, the two-cyfcle engine is still very much 

in the experiment^^l stage, and designers are by no means unanimous 

as to the best system of scavenging, whieh is the essential feature 

in all two-cycle engines. The problem of scavenging is, of course, 

very simple as compared with the gas-engine, because air alone is 

employed, and there is hot the same necessity for encouraging 

stratification and guarding against loss through the exhaust ports. 

In some cases hhe scavenging air Ts admitted throtigh valves un the 

cylinder-head, ^n others througli p?>Tts jmeovefeeV by the piston, 

either with or without a delaying valve, /ind iu dthers again both 

by*inlet, valves in,the head apd ports.in, the lower^garts of the 

cylinder. ^The latter sgems to Iji^ ^inipfy.gi*blind •fitteimpt to force 

air into the cylinder at any c(Tst.« • 

All ^tRiiigs considered, it would appear that jbr large engines 

t]^e best ttystein is probably bottom seavi^flgiiig,^ with •thft»^ddition 

of a delaying valve. This system has only re^eirtly been applied to 

Diesel engines by Messrs., Sulzftr Brothers,•of .Winterthur. It has 

the greiit advantage that it provides ample port ai’ea; it leaves the 

(^linder-he^d free for the thorough (drculation of tin; cooUng-wd^e.r, 

and does not weaken it structurally. *111 ^iiddition to 4he a1jo\"b, 

the. method of aKiafenging with*two opposed pistons,, as in the 

OechelHauser ghs-engine, has been very strongly advocated^ by 

Professor ,>unkers, in Germany, and has been adopted by several 

maiiufacturers for marine engines, and also by thei >yilgeniciue 

Elektricitats Gesellschaft, of BepMn, for stationary engftnSfe, ^though, 

the latter firm bu^hl only comparatively small engines designecl^.to 

run at a high wpeed. . • 

Sulzer Two-cycle Htl)^ne. —The engine illustrated in fig. 202 

fs built by Messrs. Sulzer Brother-s^ of Winterthur, *and develops 

2400 B-H-B. when running {i4 a ^peed of 150 Il.I^.M. In this 

engine, which is not of the *Iatesf type, scavenging is eft'ecte^ through 

valves in the cyliuder-ly.'ad„and^ four.valVes are employed. These 

valves are N'oked together in pairs, and operated by means of two 

racking levers. Owing to ^leir great size, and tlK! very rapid 

openiiig and closing which^is necessary yi a.two-cy/ile engine, they 

are, as might be* expected,,son?ewhat noisy ia’operatjon.* The com- ‘ 

bustion^iead is so arrangeck that thc> il^ter^^’eriing space between each 

valve is^cored out for xyater circulaticm, and the four ,va>va ^orl^ 

lead into a common chamber surrounding.*the head. ^ The fuel valve 

is fitted centrally in the cylin’der-lit'jid, and airyWting valve 
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between one pair of scavenge vjilves. Exhaust ports are provided 
all around the circumference of the liner, and the exhaust gases pass 
first into an annular chamber cast in the cjlindeu casting. Thence 
they pass into the water-jficketed exhau-st pipes, of which a separate 
one is employed for each cylinder—a very desirable feature, especially 
in two-cycle engines, which are greatly affected by the pulsation set 
up in a common exhaust pipe. 

Between^ the exhaust 'ports the liner is considerably thickened, 
in ©rd(*i' to enabkf holes to l)e drilled through it parallel to the bore, 
for the circulatviUof coolinh-.wattr. The whole df the water is 

^ * V. . / 

admitted‘1 lelow*the'cxhaupt belt, and passes upwards through these 
holes in the^, liner, .thus* ensuring*..thorough cooling of the Imrs 
between the'iKn’t.t.. 

The upper jiart^ of cfyli piston is partitioned off\ and water is 
ciiv^ilated through it under a consideiable pressure by baeans of 
telescopic k-tjipes. , ‘ , ^ * * * *■ , 

‘ vFor the .scavenginig air, two sejiarate pum])s are jiiovided, each 
being <loub]e-a(!ting,.and the admi.'^sion and delivery is.controlled 
by a ])iston \alve, ojjerated from an eeeentrie- on the crankshaft. 
Th^‘ ^use »of mechanically ojjerated delivery A uh es, «,s ,in thfti 
instance, only apjjlte.able to engyies running at a constant 
.speed, in which the exhatist back-pressure reinakis approxnnately 
uni^jrni. Evhn so, however, the valve setting eanh<‘t be right for 
both full load and light loa»l. though it is very doubtfeil whether 
'the exttieive .variation'in load, in a constant-speed engine, is suffi¬ 
cient to jhsfify the, use f)f aut<)ni;ft*ie valves, with the rt^luced area 
aiu^ greater resi.s^anee^ wliich^ they offer. Tlie ^ross-heads of the 
scavenge puinjjs are employed as ]>iston.s for the low-pressure stage; 
of the blast-air pumjjs, the high an*l * intermediate stages being 
ojtm-ated by means of rocking Jevei-s actuated Itrom tfie cu-oss- 
Ueads. * * * • , 

, For tbc lower-pre.ssuivj .-stages of the Rlast-aif I'ompressor, Guter- 
nfutli valve.'i are (;mployed! XhesQ yalvifs c(jn.sist of a spii-al of thin, 
hard phosphor-bmnze strip, the end of the spii-al being biought 
out tangentTalty and acting as a playt ffap-valve. By the us(f &f 
at dong .spiral tlve. bending »stre,s.s i.s distybnted throughout a^.arge 
area, and not^ locajissed* at?‘any one j^oint^ In the^e large engines^ 
means m-fe piovide<l both Ivjr (;ftntrollin^» the quantity of blast-air 
aiid file timing and opening of the fuel #valve>s, according to the 
load. For thisjJurpo.se a.balanced throttle is fitted in the suction 
pijje -of* the lojr^-preHiJ^re^stageAf the*compressor, which is actuated 
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directly from th(3 governor. The control of the fuel valve is effected 
by shifting tlu; position of‘a system of levers. This requires an 
uppieciable amount of power, and would seriously handicap the 
sensitive action of the governor if operated directly from it. To 
“avoid this a small relay (cylinder is used, actuated^ by compressed 
air supplied from the low-pressure stage of the compressor. In 
other respects this engine calls for no 'particular comment, its 
mechanical features follow., those of the usual four-cycle type. 

A 4000 -Tior§c-power Englhe. —The engine ’illustrated in 
fig. 203 has becn^ bftilt by Messrs. Bulzer Brothers, 9,nd represents 
probably t^rie hug<^st Diesel engine ever bui^t commercially. It 
develops 4000 K.H.F. Avhiili running.at a speed o^‘ 132 R.P.M., and 
has ,six cyliiL^crs, fjacli 7G©-iAiii’, 3©fin. bore, by 1000-rnm::r39-4-111. 
stroke. The piston speed at ndrniaj revolutions is 8GG ft. per minute. 
This engine differs from the one previously described, in that bottom 
scavenging^ is,employed, ^ahd also,'although single-actingv separate^ 
iTOSfi-hcads are proVi%d, thus relieving the cylinder liner of all 
thrust, and materially reducing th\3 piston friction, buf. at the 
expense of increased height, and, therefore, weight and cost. The 
cylinder-heads contain only the fuel and air-starting vgilves, and* 
are*, 111 * con^,quence, extBemeiy simple castings. The arrangements 
for scavenging are parti(*uh«ily interesting. *Tw(5 raw's of inlet pojts 
are provided, ,oiie immediately above the other, the top of the upper 
row^ of* ports being slightly above the exhaust, so that* they are 
uncovered •firs^t and (iloscd last. The lower series of ports are in 
open'coaiiinuliication with the aii**jnlet manifold, but the uppe.r 
series are masked by means of (*ither a piston vg,lve or a double¬ 
beat poppet \'alve, unfil the exhaust parts have bean uncovered 
and air commences to enter through tlffe-lower series of ports. As 


sooK as the Idw-er series have .been uncovered th’e pistc/ii valve 
mimasks the upper series. Air’tlKn:^, enters through both jjets of 
ports, and^contrnues to dp s£> until the upper set lias been covered 
by •the pistop on its upward s|rokp Ttjis is a distinctly neat and 
tliorougiily*mechanical method of applying the delaying-valve prin¬ 
ciple?. The pistons have plain concave tops, and the incoming air 
is-given an flpwf^rrl direction by the inclination of the ports, wjiiich 
are so formed to pfcyecfe’fiie air’uj|iwaids towards the cylinder- 
liead. 


Tire, efficiency of this method of scavenging is well* illystrated, 
by the fact that the engiiui can*normaHyp;arry a *meaii effective 
pressure of abtwl IQfMbr per i?inuarc«inch, with a piston speed of 
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iirA'liicJi they are matTe:^ a clojse fit. For the A'ater-joiiit l)Ct\veon 

the liners and the exhaust "belts a |.)ress fit. with red lead, is relied 
upon. , *' j .. .i > 

The eainshaft, it will be nptieejil, driven froin the centre, 
which-is a desirable faiture in a. multi vvlindtn- encriue of this size, 
for, even with only four eylinderj?, ilu' ftceuinulated •“ sprintof the 
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crauk- and camshafts is considerable, and results in unequal timing 
of the cylinders at tlie free end of the camshaft. The fuel valves 
employed are very similar to those in the Mirrlees engine already 
, described, and do not call for any particular comment, but it will 
be noticed that the pistons are very much hollowed in the centre, 
forming practically a hemispherical combustion chamber. 

The high-pressure blast-air for this engine is supplied from an 
entirely intlep^ndent source. 

The ..utlior h.-vs- been unable to* obtain any figures as to the 
actual results ol)tavpect, but it seejns probable that the iiet efficiency 
will be sjuiiewhat low, ywhig to the small si7,e of the scavenge 
. valves and the_ la]-ge llukb losses whi^h they entail. • 

Allgemeine Double-piston .JEngine.— The engines iouilt by 
the Allgemeine Eh'ktricitats (lesellschaft, of llerlin, arc particularly 

intere.‘_ting in that they re- 
- y' /I ^ definite d'qiarture 

- y y / ii-orn the more orthollox type. 

g'^neral. they fobow the 

_.1 linkers or <.)e(holhauser TW’u- 

- \ T"!! ciple. in A\hich two pistons 

I'ig. L*oj.—ir'grams from Aiigt;ii.;ii)cEjf,anfc ^ aro employed moviiig in op- 
„ ’ posite (Iire6tic‘:i8, and coupled 

jto cranks at ISO degrees to one another. One ja’ston cont’‘oIs the, 
exhaust and the other the inlet })orts, these-’ situated at 

(qiposite ejit^s ;jf the cylinder. In order t of the use of 

iargo inlet ijprts, and .also to keep th' »ntil considerably 

after,the exli.'iust points are closed, and .ect a certain amount 

of supercharging, the two pistons are , ^ led to crank placed at 

10 ;) degrees to one another, so that the iipper pistons controlling 
the Lxlianst ports have a jiermajnent lead of 15 degb-ees over the 
]o'v>er ones, in pincli the same manner as in tlie Duplex engine, 
(lescribed previously. , ^ 

TJi.anks to^the very efieeflive,scavenging provided for, and to the 
super-charging, it is ])qssiblc to work with an exceptionally high 
mean effective pressure, and, at the same time, to run at a high* 
rotative speed. In,.practice, ,a mean pressure of about 140 ,1b. jier 
S(|uare inch is employed,*and' that at a i^tative speed of no le.ss than 
450 R.P.M.,, in a two-cyliiidCr engine of 250 B.H.P. The cordbina- 
tion, of xhis ^-emarkably high mean pre.ssnre and* liigh' speed of 
rotation has resuked in the p”oduet1on of an exceptionally light and 
compact ,engin^<y Fig. '205 .sho^>fs‘two typical diagrams from one 
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of these engines, one being taken with the indicator set 90 degrees 
out of phase. As^ might be expected, the mechanical efficiency is 
somewhat low, ^wing to the high speed, and is said to be in 
the neighbourhood of 66 per cent. ' Both* pistons arc cooled, 
the lower by nfeaiis of lubricating oil, which is fed to them from 


the ordinary lubricating system, and the up[>cr by water, supplied 
through telescopic^ pipes. The long return connecting-rods each 


consist of two steel tubes, and aro reiflarkably ligh| The u|^per 
pistons are pfovided with cross-heads sliding in j3fuides,^ couitistmg of 
slots formed in the cylinder walls. One^ intercsHjrfg' feature <3f those 
engines is that the pispnis* are fitt(Ml wiili u idCblv^^s bands or rings 
jj»ovide<l with a lyinila*]- of oit^rooves., Thes;,e rings ^prve to distri¬ 
bute tholubric.'rtit, and, by cJosel^littj’Mg ihe cyliiider^'the^'maintain 
the oil-tilm between tl^e piston and e 3 din^dcr wTdls at all times, and 
so prevent it being broken down by the esca|\e*of gases pajit the. 


.main piston-rings. 



CHAPTER XXXI 

- marine" DIESEL ENGINES 

i 

I ' » ' 

Tlie of the ])iesel engine for the propulsion of 

sliips, juul espeeially of efa-go vessels, lias many obvious jidvap- 
I ages. ^ ^ ■ i 

1. The coiisumptkni of fuel is ■ijuVroximately oiK'-foui’th that of 
a steam vessel u>!iiig eoal. Consequently, Tor a given length of 
voyage only oi'e-quarier Oi^ the wcigi.t rtf fiu'l need be eaiTi''d; also, ^ 
the fuel, being liquic’, (am be stored in the doul'ile bottom, and the 
earg’O eapac'ity inereas<-‘d in eon.sequenve. 

'2. Although in this emintry tin* eosL of fuel oil is so high that 
the aetual co.st of fu(‘I is little or no lower than that of steam- 
enulnes usiirg eoal, the rbesr-l-engined boat has, by reason of its 
low fuel consumj)tion, a very large* radius of aefioi/, whieh enables 
it to take its supply of fiu'l oil at plain's ^\}lere il. eaii be obriined at 
a low pf iee. and for this reason tin* economy is very niarke;!. 

3. The sjurre occupied hy the engine is less than that of the 
'engiiuis aim ^boilers of a steam-bort; lienee lln* carrying eajiaeity 
and (*arning power are increased. 

4. Although the engines ilicni'^elves at jiresent lu-ipiire more 

"careful supervision than steam-engines. h(J liremen are requiivd, arid 
the 'total engineering stall’can be retluc(‘d. ' ' 

■ 5. With the further devclopmeiiL I'f the Diesel engiiu!, tli,ere is 
every reason toTjo[)e for a considerable sa\ung in weight ovei' tlie 
steam plant. At the present, time, however, this saving is small, 
becan^c The" marne Diesel (uigines now built havo been somewhat 

'll I 

expefimental, and very much heavier than is neci'ssary, in ordei- fo* 
setuire reliability (‘>f operatioi*. Tlu're is litTi* doubt, however, ^ijliat 
the possibilities of weight leVluetion arte givater in the Diesel than 
in the steam-engine. > »^ t . 

G. in the Di(}sel engine ])lant there is less risk (jf tire, which 
is an important consideraticn in 'the case of oil-tank ve.ssels mid 
other vessels eVyying/'inflamnii\hh* eai^o. 
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These advantages are at present off-set by * 

1. The'grt^ater initial cost of the Diesel engine plant; there is, 
however, every re^^.son to suppose that this will be reduced consider¬ 
ably when the marine Diesel engine has hccome more standardized. 

2. Tlic marftie •Diesel engine has not the same ability for * 
manoeuvring as the steam-engine, and cannot be run at the very 
low speeds uecessai^" when coming alongside a dock. 

3. The Diesel engine has not, as yet, been able to sl|[)w anythhig 

like the eonsif^tent reliability of tljc steam-engine.*, , * » . 

Of these disadvantages none but ‘the last,.tv]‘c •serious. 
Reliability of operatfon. is, obviously, a }J|yifnnouut*weeessity in any 
marine T?ngine, ami it is in tin:? diref.ti(|l) tliat.nearly »U the Diescl- 
driveii* vessels a,t presi^ut hart^ biore .of* Itjs's failed, jflie jiauseS of 
failure various, bnt^are mainly due io 

1. “T^niclvcd eylinderJiead*. 

2. Cracked pisUiUs. 

3. Trouble with pistou-eopling, involvin* Hiilure of the waU'r 
circulation, oj‘ leakage. 

4. .\ir-(.‘OJnpressoi' troubles. 

.5. Kaiture of e.vhaust valves. 

• * * 

.Of these, th« hTst four are ci)jiinion 4.o both thy tu^o- and four¬ 
cycle ty.pe, \\4iile the fifth is ])ec.uliar to the foui^-eyc.le, aiitl no 
■ corresponding trouhh* has been ti'aced to the exhaust |jort?i. 

Crack<'d cylinder-heads liavc bec'H of inoie fre(]n(*nt*occnrrenco 
with two than with four-cveJe»(*ngines; .but this is *a(f mig^it be 1 
expected, for thg. majority of two-c.ycle engin(\s now^ 111 operajiioii 
on shipboardslnu(‘. four .seyvenge valves in e*u-h cylinder-head. This 
means six valves in all, whit'h involves a com])licated easting, thus ' 
•greatly"iH'ducing the strength of t^^ie cylind(‘r-head and intcrfejfing 
with till' water circulation. ^ • 

Piston troublcfvdiave* been* all too.lye'pu'ut, and aiv generally^ 
tra(te.al)le to a tem])orar\i failuje (*^f tin' water circulation or* to 
exci'.ssivti incrustation with salts from the water. Jndirect* trouble 
*1uts alsf> occurred from the saine ,souret;dne. to th*e [ealfage of wfiter,, 
esjJUjiiayy when telescopic [up(‘s are cyip]oy('d. , Tbt‘‘^f‘ pipes must 
necessarily he litted in sueliVi position*4lnwt*anY leakage from them 
■ lialTic to find its way»iuto the«(;/ank-ph; and intcrfeiy w’itli the 




472 


THE INTERNAL-COMBUSTfON ENGINE 


arid anxiety in all large internal-combustion engines, and is espe¬ 
cially ol»jectional)le in vertical engines, in which it is difficult to 
prevent the leakage from reaching the crauk-pit,, while it is often 
impossible to atop and repack the glands for long periods. In some 
cases oil-cooling has been employed in preference io water-cooling. 
Thi.s certainly eliminates the danger of leakage, but, as already 
pointed out, ordinary lubricating oil is ^ poor conductor of heat, 
and it is a tbfficult mattev to, withdraw tlie heat from the pistons, 
in the ,hr.sc Vnstauce, and from the oil afterwards. ' 

Air-eoinpresser troubles arc nioie* or less common to all Die.s6l 


engines.. '7 lie c(Miipres.sion‘of air to a pi-Vi-ssure pf 900 lb. per square 
inch or more is always a difficult operation, involving cons.ideraVde 
risk, hot)i from leakage < apd froin the high tem 2 )eratures pro¬ 
duced. The latter is liable to c;\us(* carbonization of the oil and 
sticking of the \alves, and is also a souic.o of real danger' from 


exiddsion,.owing to the ignition of the! luliricating oil in the highly^ 
Jieatyd and conqiresscHli air. Vhis is guarded against by curtailing 


tlfe lubiication of the cor.ii)res.sor as tar.as 


])ossible, and by fre¬ 


quently blowing out the air-stoi-age. bottles to drain off any oil 
which may have accumulated. It is earnestly to lie hojicy.l that the* 
advances \\^hich have liceiii.ly been made in the production of 
mechanicfil fuel-.jiulverizers^ will render the {lir-t-bmpressor, with .all 
its attendant ..troubles, unnecessar}'. 

At vhe present time both two- and four-c}'cle engines-are being 


emiiloyed^ viiif? it is worthy of note that, iqi to the jireseut, the 
-four-cycle '■engine has met with tlic greater measure of success. 
The^relative advantages of the two ty^ies have ajready been dis¬ 
cussed. In s^iitc of thw'gi'eater success of ,.the four-cycle type, there 
seems to be little doubt that the tw^o-cycle is best adajited for 


maraie work, on the score of tJie gicater power obtainable from' 
a -given size and weight of engine, .a-nd also owing to the flower 
jipeed at which Wo-cyclc e.ngiines can "be run with advantage. The 
absence of exhaust valves and ,jfche siinidlcity of reversing are both 


stnjiig points in,, favour of the two-cycle tyjie. The j>oor success^ 
„of the two-c/cle marine engbie is jifobahly to be attributed rathbi' 
to>-tlie faulty‘'a 2 ipb<watioit of this cycle fiiay'^to any disability o^he 
c‘ycle itself. 

One ofy the‘results of the i-dajjtatioii <jf the Dieset engine to 
mftyiiie'* practice has been that the trunk ,pistoii of the ordinary • 
single-acting type is now Vfplaced’^ by a pist;on-rod and cross-head. 
This change wdjs^.no c|b«bt, prigjnally brought about by the desire 
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of the makers to conform as far as possible to steam-engine practice, 
and so ^ticipate and avoid the prejudice whicli marine engineers 
would have agf^inSt the trunk piston. The change has been alto¬ 
gether desirable, for not only has the nse ©f «an external cross-head 
improved the mechanical efficiency and reduced the "wear on tlfb 
liner, but it also enables the piston to be made with a considerable 
amount of clearance, £ftid thereby eliminates risk of seizure due 
to deformation. So successful has ^he nse of an external cross diead 
been fouiid*that it has now‘been adopted, lijii nlan^ *asQs, for 
stationary engines also. **’.*• * 

Another result j^f the •iidaptation of), the jDies'uJ eugrBe«tb marine 
work has been the developrajsnt of the'qjjen type of engine in pre¬ 
ference 1:0 the» enclosed cranl^easd vSi,tl| -forced, luln>ication. , This 
change, which has also beeii^na^Ie fo^meet the pvejUdicS of marme 
cngii^ftrs, has been nilist undesii-able, and has hjd to trouble with 
^ bearings of a kind fhat Ticldom, or *m?vor, occurs iii, stationary 
engines, and it iS worthy of not?^ tLat ,ffivst of tlu? successful 
Diesel-yngine iustallaticins oft board ship hji.ve had enclosed cnfnk- 
cases and forced lubrication, in defiance of the steam-engineers’ 

• prejudices. ' . 

Burmeister & Wain Enginei —Credit for having the^enter- 
j)risfi first to kistfill a. Diesel .^igino in a large sen-going vessel is 
probaljiy dut to Messrs. Burni(*ister & Wain, of Go])euhageh, who 
both buSt and engined the Sitlmivlia, a vessel of about 45103 tons, 
in 1912. 'Diis vessel is equip^jed with two eight-c}’lin(k'r four-cycle 
Diesel engines, driving tAun screws,*ai:d*devejopiug ^i!^0«aggi-egjit« 
•horse-power. J'he adAcnt of the SehuuJia was soon followed b}' 
'a number «f other vessels built by the same firm, of which the 
farge.st is the Floiiia, of ^219 tons, and e(pup])ed with two six'* 
cylinder engfnes, developing collectively 4000 I.II.P. An illus-' 
tratipu of one of the •Fionic^s 5ngincs is given in fig. 200. -The 


diameter of cylindtrs is*29‘2*iu., the .strjoke 43 o iih, and the iioriuj,il 
speed 100 R.P.M. ^Unjike mosP, of'*the marine I^iesel engines, 
Messrs. Burmeister & Wain employ a totally^ eiicfoseJd erdnk- 
tfhamber, with forced lubrication to all the main bearfiigs. Se|)aratc, 
ci’H^s-l^eads are employed for the pistons, j\,s is qdw u.4ual in me^'ine- 
engiue practice, and it js noticeable*that .very little effort has been 
madd to Induce the height of tlie-rnginc. The piston^ are cooled' 
with ©il from the lubveating system. The valves aj-e all fiperjited 
faom .a singte horizontal camshaft c/ij-ried alou" the top of the 
base-chamber, iust tTelow the fo?i of the**ijylin^leVs. AJl valves. 




Burmcister & Wain Engine 
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including the fuel valves, open inwaids, the latter being a some¬ 
what uuwual arrangement in a Diesel engine, but Messrs. Bur- 
meister & Wain^liSve employed this type of fuel valve for some 


vears. 


The constrifcctiQiii ()f the exhaust salves is somewhat unusual.* 
Botli the liead and st(‘m are of steel, but for the seating itself 
an annular ring of ca,‘;t*iron is cmplo}'ed. It is elaimed that by 
adopting this eonstVuetion tlie valves wiJJ remain light for a longer 
period without niquiriiig grindflfg-in, while the. danger )»f l^he head 
amd stem pairing eomjiany iS s.’edu(^d.^ Tlie .'anvshaft is centrally 
driven by means oj a loag train* of f^mr-wjj0@|s coiineejting the 
csmik-^and camshafts.* This^has been» found considerably more 
relialde than fipnal gearing, ^and* i^* undo\il)tedly \’an excellent 
arj'an’bement, provideel that* lhe*\Vht;ols *are siillicicfltly accurately 
mae.hiy(^l ami spaced i;o ensure silent funning, which is no easy 
^probI(mi» I’evorsing ts etlfctcd .by slidang tin*, camshaft - botlily 
along. accom])^ish this a coin]:)!-essed-ak‘ servo-motor is- em- • 

ployed, jdriven liy air supj»li«d from t^Cj iTitenmediate-stage. liOin- 
pres.sors. Th'forc sliding the camshaft it is necessary first to 
•raise all |he v’dves, an op<*ration wdiich is caiTied out automatic¬ 
ally. ^ ^ 

. 'Mu* high-}n^.ssflre iTla^t air i;^ supjdicd from tAVo sources. The 
two ]?)Wi])resHiirc stage.s of the coiufiressors are driven*b}^ au:iiliary 
Di es(*l engines, by Jiieans of vhich the ah' is compressed to a pressure* 
of J300 lb. per s(|nitj‘(!. inch, and delh'ercd to huge ,storage, tanks, 
'riienec it is distiibnted for {i])i‘ratiijg ee,itain auxiliai’v njachinehy, 
and also for .starting and inano-'inriug the main enginVs. For the 
bigh-pressniijj air ;i .''inalj single-stage coiiiin-essor is litLcd t6 the 
fdi-ward end of tlie main^i^tiginc'. Tins pnmj) draws air from the» 
• main sMrage Tanks at a pressure, of oUO lb. per sqiian* ineii,,and 
(Telivers it to small ste^l air-l^ott'es at a pressure of ab(»ut 900. Jb. 
per s((uare. inch. •• Tin* reiilainiug inechanieal (h'tails of these 
(‘ijgines do not call for ayy particular comment. 'Phe e’onstructiou 
throughout is (‘xceptioiially' massive, and it is evident that 
*?i-(?lialti1ity of operation has been the. primary objeet, andjtliat^^ 
vvej^ht and eost lia\ cp Jieeii regarded as piireiy secondary ^‘t>n- 

sidcrations. 

TRe foAowing test hgnres In'v' .leerj kindly Suppljed liy the 
, makers, \\Aio sfate that tlicy Avere obtained from* tlire^ *di fie rent 
vessels at seiK— - 
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M.S. Siam (two S-cylinder engines, 23'2 in. X 31’6 in.) ^ 

“Port Engino. .Starboard Engine. ' \ 

... c. 123-.') 123-5** . 

. 1514 ... 1527 * . 


= YT3!>-.5 


R.P.M. .. 123-5 123-5** . _ 

I. H.P. . 1514 ... 1527 * . 

Collective I.H.P... ...* — .... — . = 3041 

M.E.P. (pounds per square inch) 8£)-5 . 90-3. . 

Oil (pounds per I.H.P. Lour) ... — — = 0-30 

Caloriiic value of oil (B.T.U.s per 

pound). . — . • — . = 17800 

!|^dicated thermal efficiency ... ,— — ' = 47-6 % 

f i 

• M.S: Pedro Qhristqffersen (two 8-cylinder engines, 19-7 in. ^ 20 in.) 

\ " Port Jiiigiiie. Starboard Kugine. 

II. P.]Vff, V.T . .* 145-4 .' 145-4 . _ 

1.H.P. r. ... .- 8S7-!) . .. . 851-(> 

Collective LH-i’. •... ‘ — — # = Y739-.'i 

]VI^.P. (poUDtis per ^piarc iifcR),, 75-5*» ... .. 7,2-4 * — 

Oil (pounds pei»I.H.P. hour) ... #.. . — ... = o-^!l.-l 

® Calorific value of oil^(B.*r.U.s pttr • * ^ 

^ pound) ...*. — .... —- l^SOO 

Indicated thermal efficiency —• •...®.. *— ... ry 44 % 

e ^ . • 

• M.S AmiSm ^'two 8-cylindcr enginc.s, 23-2 in. X 3r6 in.) 

« A * • 

% ^ ^ 9 ^ C 

** Port Kiiginr .Starboiiril Engine 

E.P.M. 137-4 . 1.3!) ... _ 

I.H.P. ... • ... . . 1750-7 . 177.3!) 

CoHaotive PH.Pi.. — . — . =*3524-(i 

it.E.P. (pouftds jier square inWi) ^ 93 * . ..., ^9.3 .... — 

Oil (pounds per I.H.P. hour) .. •> — . = 0-327^ 

Calorific vain? of oil (B.T.C.s ]KM- • * 

pound)* **. — ... — . = ftsoo 

Indicated thermal efficiency — ... .... =*43-8% 


= 3524-(i- 
— 0-32f 

= ftsoo 
=• 43-8 % 


w 

. Inb.ica,toi‘ 'tliagram.'s taken from ttlie M.S. Slam engines during 
the above test are .shown in fig. 207. It will be i^oticed that the 
maximum pressure ri.scii' considerably aboi^e the eomiipe.ssion pres¬ 
sure in all cuises, and it is no doubt to Ylris fact that the very high 
eftici^ncy of this engine is larg^vly to be atti-il)Utcd. Tlfb mean 


effective pre.ssure in each iustaiicfe i* Jow for a four-cycle esigiue, 
l^ut this has evidently beeu*li43pt as low as is coMinercially po.s.sible, 
with » view to reducing thd* rifles from lifiiat ij^tress in the cylindor- 
he^ds aifd ^ston^ and to protect the exhaust valves. 

TSie mech5,ni5&,l *efHcicncy ,of the Stanifi engines is stated to Be 
85-per cent, •but;l^his ^jgur^ includ^os'bn^;)’* the Ipss in th<i lt#?h- 
pi-e.ssure stages <jf the^T:iia.st=5ir compf^e.ssQrs. It is^, nevertheless, 
a very high figure, but q«it(f a'^)&3sible orre in engines of this size, 
using s‘fepai«ate cross-heads, and running at ^ piston speed of only 
650 ft. per minute. If thp.^ powei’ alisorbei^ by th^ low-pFes.s«re 
stages of^the btsfil-air,6ompi:fessci.^.s'‘be token illto account, the over- 
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till me*chaiircal efficicncj'•then be«o^eff 75 per ceiil; b^t this, of 
• (;ourse,' 4 ncfu(les all the l^jsses in the auxiliary Diesel eijgiii^,<frivijlg 
the^ compressofs. If tl^e conipreSSors y|re dri\ eii directly by the 
main engines it is pifibable*thaf ^le piecl]^]i|ieal j^ieiency. would 
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r 

then be ijbont 78 ])er cent, ami the brake tlieiinal ettiejfiicy 37 per 
cent, which is a remarkably liigh iigiire. 

Werkspoor Marine Engine. —The \\ erkspoor engine, made 



by the Nederlai dsclie. FalAi'l: of AiiL'-tei'kim, is another example, 
of a suecrssful foiir-eyfle. hiaiiiK* eiigirieV This (‘ngitie^, wliicli is 
shown'm iig../208, dilfers from most others in tliat the usual heavy 
cast-iron frames ,‘ire rejdye . .1 ])y, Jiglit steel columns, and diagdiial 
tic-rods, are employed to gi ve‘jio necessary ^rigidity. The engine 
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upper part of tlie liners are cast in one piece, an arrangement wliieh 
obviatc.ythe great tliickiiess of iincooled nuital at the point where 
the liner comes irfto contact with the e.ylinder-Jiead; hut it is open 
to the objection that the metal most wnitablw for l^ie cylin*ler-hea<l 
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metal wliicli will how frta'ly in ihe moi.’d mkI will npt b< 
subject to swere eonlracti^m streshc<s) hasMiot nei:c.ssarily the bi*.- 
wearhig i^ualities, and therefor:^ iJiiay not be ^'ery syitable as 
cylimipr finer. ’’ * • •• ' 

•• The higlf-pressure' ^ir-(;onlJJ^■^^s,sul•j^ hire driven from the crof 
Jieadg. Tfic low-pi^Asure jKtagt^ ijj ejitnelj^^ inc^ei^ndent, but t 
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intermediate and liigli-pressure stages arc in tandem. | In most 
respects the engine follows the usual Diesel practice, buVthe ex- 
trtme aeeessi])ility of the pistons and the metlfot^ of driving the 
camshafts l)y mVans of«dii»^ct cranks in place of gearing are both 
Very attractive features, while the general constrik;tion of the engine 
is such tliat it should 1)0 considerably lighter than most other 
marine Diesel engines. AVerkspoor engiftes have now been in 

succ:'ssful ^poz’atioli in a nuinlxy of boats, and are reported to have 
given ex^iollfriA rcsjjlts. •• • I ^ 

The'yederlamlsclTe Fabvik •h‘ave*aTso Ijtiilt a most interesting 
jiair of (?irgtnes fo’:*a».sin^ll putch gunboSt. These (uigines, whicli 
are illustrated in figs. 211jfi]d 2T2, hii\ e inclined cylinders, apd ai« 
said to be.fxoaedingly light for dcv^opedj»as,indeed they 

appear to be. ‘ ^ 

Sulzer Two«-cycle Marine Enginfer —Of the tw?)«cycle 
marine enj^inc^, the Sulzei* Diesel has iTeen jlrobably the iiiost suc- 
c.essfib during the la.sl tgw yc'ai*. One of these Engines, developing 
about 850 to 1000 ho 4 vsc-p#wer, has been iitted hi the motor-ship 
Pcuct/o, and up to the time of wiiting has run with great 
regularity., ^TRis engine, which is illustrated in figs. 21*3 and. 214, has 
four-' (yiiudei^, each 18'5-in. ^ui(‘ by 2()^8-iu. stroke, and develops 
850 B.ll.r. lit speed of 150 R.liJM., corresjiolidifig to a piston 
speed of 07.5 it,^jer minute. To develop 850 J3.11.P. at tlii^ spee<l, 
and with th(*se cylinder dimensions, requires a brake nieau^pressure' 
of no le.ss^thaii 79 lb. per sfjuare inch; and, since the mechanical 
cHieiency. ca.niot be higUef than aljiput 72 p('r cent, the indicated 
mean pressure must be approximately 110 lb. p^r square inch.' 
Thi.s is an extremely liigji figuri* for a two-»yclc«cfjgine,»and proves' 
chat the system of port or bottom sea\enging employed can be 
rcaso;iably efficient. Moreover, the marked succe.ss whidi this 
engii^e has achieved show.s that a plfdn combustion chainber, free ' 
fj-om large ^alves, can safely.witlistjind bigh niwin .pressures. 

Th'* mechanical details df this engine# arc jiractically identical 
with''tho.se 6f tlnj, 4000-B.ll.P. stationary Diesel ali-eady described, 
ujiid tLie same "sy.steni of .scav-iinging—with two rows of inlet ports 
■^iiid delaying vo|v"e —is adopted. The^pc^forniaiicc of this eiighie 
s< decidedly interesting, becLCuse it .shews that if bottom or port 
. javeugiiig 4)6 employed, and'betcc.^'rectly designed, it is ^rossible to 
. bf^in {fs runch as double the ])ower from a two-cycle as f^om a 
-)ur-cycle engine of given cyl’iulcr dimensions and speed. Another 
aturc of this engine is tlmt, i*. eomn.on wiuh.the Burmeister & 
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h enanes, an enclosed cranki-chamber 1^4 
[pJcati/i. It is contrary to mlarine.engm(J 
pis rt appears t» have been jiistified by J 
Able with bea'rings, an immunity which hi 
ler types of.nwiu’e Diesel endines. 

I Another excellent feature of thlis engine is; 
five open, hat sides, a^d are bo^ltcd togcth 


employed with fofced 
! practice, but in botli 
entire imiuupity frojm 
4 S uotsbeen shared, by 

( that all four cylind<MS 
er to form one single 



QW • 


t rig. 211.—Sulzci- iKiigiiu- 

■I i \ 

\ 

.block thus eiisii'iifig li-klitv. .c.i..t-i,.o„ sbiudarfs ai’o 

rkrv'ed from teuaim. by of^loog ak-cl col^,,,^,. ^avncnfj.gbt 

, .which tukf'the, t,.e!itci' navttot I lie 













486 THE INTEHNAL-COIibusTIG'N EI^GINE 

the^'ciauksliaft and tho cam,^liaft by spiral gearing. Thfs slifc, 
foriiKid in two parts, with a t(‘lesc,pic joint or sleeve between t| 
s(^that one half (*aii bb raised together with the spiral gekr'wl^ 
wliieh gives th? neee^’^aiy rotati,jj_ jTor the reversal of the 
stfiiting- valves two separate (-aijis are employed for each val 
and, since the cauishaft has no longitudinal movement, this chanf 
over is (‘fleeted by mo^^’ing tlie ro{]yi. instead. Finally, the delayii 
valve r(‘(|ui'(‘s reversing, and tlij,^ accomplished by means of 
simjde link gear Tlie whole a'^.^-aiv^cinent apjuairs at first sigh 
to ]i(‘ very eojn](licat('d, but in pva(‘.iee it is not so The piston! 
in this (Migiu i are ,\\'ter-e(to]“d moans of t(‘lesco2)ic pipes plaee(^ 
within tli(^ crank ehamlub-, and ibose a])pi’rently haVe not giv(m^ 
|■i^■(' to any ti.iuble froui Itaka,^. ’[ [a* f.'a.l c(_ ,isipn]»tioi' of this 

(Migiae is said to be, approxinia 0 Kj pei> B.H.lk-liour when 

running on full load and (b'ix tu'p. .^|] noecssaiy au,vi]iaries Tlie 
heating value of the fuel-oil is given, so +hat it is not possible 
to make an\ ( jinpariw itli ilig four-cych^ tyi'es. 

The Cards Eihgine.— Ti,g ('arels-l)i(‘sel (‘ngine has been 
«‘ni])loyed in a min’dter ot la j.„g aiotor ves?>els, and is probably 
the nio^t widely used of al | two-cveh' marine Diesel engine's.' 
Thh also is a single-acting ^.,,..s-liead engine, lint is of the open 
type. In general, nhis ciigin ,lij|cr in .leHally from the 

1 stadoj.'iaiy engii .picadv deseribed. The nrincipal 
differenees are 


1. That tlu evlinder'' aj-e 

I 

*^0 whiek thcA' are l-ioltetl. 

The scaveng e ]Jump^ 
main cross-heads, and ai'c 
prercrcnco to ])isT on \'alves 
it facilitates revefi-dug. and j 
is running at low f;-;]K‘(‘ds. 


ff»rni(‘d separat(*ly trom tlic A frames 

are 11 liven by rocker arni^ from th(f 
fitted with {intonuitk. plat? AUilves 
d’liis is a desirable feature, in tliiit 
•educes the biiid losses when tbe engin (5 


3 . The ‘-'i.aiate A brae .^^.g bolted tcgetlier at the base 

of tbe cylinders, ^.chus grea increasing the rigidity of tbe engine 
as a wlirde. ,, ® 


Reversing is j l'•(,'()nlpiis’ 
ceneernod, by rai; dug or lo 
the eamshaft tlirc Migh a sn' 
fuel valvi's are t< .‘versed 1 "^ 
slnii't lias no loii gitudinfil 
I'ollers of the rr )(.*V’-er a Kg 


lied, in so far‘as the scjavengc valves ^irt 
wering the vertical .slnift, a’ld so rotating 
lallgiugle relative t^ the cranksiiaft. ' Th( 
V metins of two cams, and since the cam 
’t’OV'‘in'‘'it, it is nee(*ssaryi» to move ib< 
‘ns s.dcv*a"’s in order bring them istt 
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' with t the second* set of cams. * Al the rollers ate kept'in 
^Pftion ^ separate horizontal shafts, ^which can be moved^ longi- 
jodinally in order to ^cliange over from one set of cams to the 
other. ' • • 

From the soctionat drawings (fig. 215) it will be seen that flie 
lower ends of the cylinder liners are provided with stuffing-glands, 
whose function it is to retain the lubricating oil. The Ifigh-pressui-e 
blast-air compressor is driven from the forward cijoss-head through 
the medium of a ro’eking b(*aTi\ .'11 the same manner as thc'sca'tenge 
pnVips. The cylinder (limeiisu-nsthe 1800-B.H.P. six-cylinder. 
Carels marine cngiiu', rk fitted in iT large oil-ta«k vessed for the 
British AtjmiraHy. are: Lore, 600 nmi., or 23'6 in., with a stroke of 
^100 hnm., or 43’4 in.,/and the engine runs uolinally at a speed 
erf d 60 »«’il,P.M., correspcuiding'to a piston speed o£7l6 ft. per 
miniire. At the r.-ited hxjil of’^800 B.II.P. the brake mean pressure 
ise63^-lb. per scpnii-e inch, and if the mechanical efficiency be taken 
j^s 70 peM»eeut, the indicated 'meay pressure is 90 lb. per square 
inch, '^riiis is a somewliiit low pressure foi a Diesel engine, but 
ij? doubtless necessitated by the eomplicared form of the combustion- 
Jiead and the .extremely severe stresses set up in it, due to tem¬ 
perature differences if higher iiu'an pressures b(^ employed. 

' Ill one vesf*id, the J^ja re stone, fitted with a four-cylinder Carels- 
Diescil engine of 800 horse-])ower, mt’im pressures^ as high as f25 lb. 
per square inch we]i‘ attempted, but it is reported that these^ high 
pressures led to great trouble with cracked combustion-headd. and 
had to be reduced. 1his ^)artic.ular'engine fay at *the low/sj»eed 
fef 90 R.P..M ., so that the heat'flow*, which ,is lu'arly pi-opoftionak 
®to the sj)ee(D yould not b(‘ yery gi-eat ill tjus case,«a]Rl not hq-irly 
*so great ,iS in the Sulzei-'Diesel engini; of the Monte PenetJo. 

In the earlier ivj)es of Carels marine engine^ east steef was' 
employed for the conibustioii-hcads, and this, at first, was perfectly 
satisfactory; buit in the later engines small eVneks devehqa'd 'in the 
combustion-ly3uds, - j 

‘ Cast iron is employed, and has behn found satyfactory, but 
there is-.some evidence to indicate thc^ for very la\g(‘ engines steel 
w'o.uld be preferable, on account of ifes gi’i'ater tensile strength,*' 
pro,ided, that the inittial ca^sting stressC.4 caidijbe removed -by 
annealing -and suitabhi heat^ trg^itnienc.* A auodific;j,tion in the 
cylinder e'esigi), hasi)eei; ii)*ti-c?duoed by Die Rei(dieysteio> Company, 
OEO of MeSsivs. Carels' lic(‘ncees, whereby the cylinder linei’*hs 
provided with a w.id^- flange.^ jenabling, the wa,tdr-cooling to be 
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c'aiTied higher up, and thiis "obviating the great’thickness of. uu- 
cooled metal at the top of the liner. ^ 

r*' L t V 

The fuel consumption of tlie Carels engine is safd to be 
approximately 0'47 lb. per B.H.]\-hour, of Admiralty fuel-oil 
having a calorific ^ alue of about 18,800 B.T. U.s per pound, corre¬ 
sponding to a biuke thermal etlieiency of 297 per cent. 
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